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ABSTRACT 
A radical shift from a high- to a low-carbon energy system is not occurring at the speed required to address 
climate change. One reason for this, is that conventional energy firms are locked into producing 
shareholder profit with fossil-intensive business models that are still operable in current markets. This PhD 
thesis employs systems thinking to analyse lock-in of the energy business system (EBS) and then adopts 
design thinking to propose disruptive innovations that can accelerate low-carbon transitions. Dynamics of 
the EBS transition are evaluated in an interdisciplinary way and across systems scales, from the Earth system 
to the distribution edge of the electrical power system. Conceptual frameworks that combine complex 
system and transition theory are developed to evaluate the global EBS in an Earth system context and to 
analyse the role of business models in the decarbonisation of the electricity sector.  

Previous research suggests that strategies for escaping EBS lock-in include incorporation of environmental 
liability to shareholders, carbon taxation and other economic measurements to alter market conditions. 
The systems analysis presented here suggests that to ensure environmental resilience the EBS’s 
fundamental purpose and governance need revision. I theorise that more social innovation in business 
models could influence business trajectory in the energy sector. Instead of maximising shareholder profit, 
social innovations can shift business purpose towards long-term social and environmental value-creation 
using emerging market-based tools.  

A business model analysis of the electricity sector is used to identify opportunities for EBS disruption from 
social innovations. I find that, in general, social and environmentally driven low-carbon projects often 
struggle to achieve scale and commercial advantage. However, recent business model innovations in smart 
grids can provide such projects with the required competitive position. Specifically, Virtual Power Plant 
technology has emerged as an energy management system that allows aggregation and coordination of 
multiple distributed energy resources. Aggregation can include diverse resources such as photovoltaics, 
batteries, electric vehicles and windfarms. Coordination can achieve improved physical and market 
performance as a functional unit within the electricity market. Using theoretical model development and 
illustrative examples, I highlight how emerging opportunities such as peer-to-peer Internet platforms and 
blockchain technology, also have significant potential as tools to enable disruptive business models, 
through decentralised value creation using assets from online participants.  

Building from the systems thinking analysis of the EBS lock-in, the second part of this PhD thesis uses 
design thinking to propose and further develop a new business model termed a ‘social virtual energy 
network’ (SVEN). As an urban social electricity-trading network, a SVEN is designed to help accelerate the 
decarbonisation of the power system and influence paradigm shifts in EBS governance. Two iterations in 
the design of the SVEN concept are presented and critiqued based on insights derived from the first part 
of the thesis. The first iteration focuses on the role of virtual power plants and tariff design for business 
feasibility, and the second on blockchain and user interfaces for mainstream market adoption. 

Through systems analysis, this study argues that an adequate response to climate change requires a 
paradigm shift in the EBS. Using a systems design approach, the thesis provides a vision for the architecture 
of a democratic open energy economy where users and their distributed energy resources have an active 
role in the value chain of the EBS. The findings and proposals of this work are relevant to debates about 
the most effective ways of accelerating targeted innovations to achieve a low-carbon energy system.  
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GRAPHICAL ABSTRACT 

 
Figure 0 | Graphical Abstract.  Meta-diagram showing the interdisciplinary and cross-scale approach taken by this 
research, the conceptual frameworks used in each scale of analysis and the key findings.  

 
Completion seminar for this thesis available at: www.martinwainstein.com/research/ 
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Preface 
An original and incomplete exploration in the field of interdisciplinary Earth system science 

While undergoing my undergraduate studies in the University of Sothern California, I was introduced to the 
field of Astrobiology. The field is commonly known for studying the possibility of life in other planets or moons 
within or outside our solar system according to known metabolic feasibility. But to me, the most fascinating 
aspect of Astrobiology is the historical outlook of life evolving and shaping this planet. It grounds on the 
symbiotic relationship between microorganisms and macro organisms, connecting the metabolic dynamics of 
single cells with the whole planet as a single complex organism. I have retained since the perspective of studying 
the relationship between life and planet Earth through time and space and across scales, and as such this thesis 
holds a tacit astrobiology approach.  
Our human society has effectively terraformed the Earth towards a less balanced ecosystem. Although not 
explicitly covered by this body of work, this observation leads me to believe that we do not collectively behave 
as a uni-planetary species. We are yet to achieve a state of individual and collective awareness and social 
practice in line with the interdependent relationship we have with Earth and all its life forms. Considering this, 
I have set out to explore the nested complexities that drive this astrobiological phenomenon and develop 
potential ideas to re-orient it. The nature of this pursuit demands a truly holistic approach; weaving the 
geophysical with the social, the cognitive and the technological, the physical and metaphysical. Although 
having transgressed conventional disciplinary structures and developing multidisciplinary conceptual 
frameworks, I must clarify that this work remains fundamentally incomplete. The thesis, however, is a 
complete first iteration of this approach. 
In between my undergraduate and doctoral studies, I discovered and dedicated time to the practice of social 
entrepreneurship. I found in it a stark irony that this thesis explores further. The evolution of modern 
economic life, with the corporation as its fundamental practical unit, has played —as chapter 3 presents— a 
critical role in the troubled Earth-human disconnected relationship. However, the essence of a company lies 
in its very name, people in company with each other working towards a common goal. From this nature, 
business holds the capacity to bring about negative traits of collective human behaviour, which through 
reinforcing feedback loops institutionalize a culture allowing the pursuit of self-interest at the expense of 
others.  At the same time, companies have the capacity to leverage positive traits of collective human 
endeavour. If harnessed well, they have the potential to craft a new social reality more akin a stable symbiotic 
natural ecosystem.  
A similar irony is presented in this thesis for the role of technology. Technology facilitated the industrial 
revolutions, accelerating rates of combustion (i.e. human’s exogenous metabolism) that produced our well-
studied climate problem. Most studies on energy transitions and innovations focus on clean technology. 
However, this thesis argues that one of the most important technologies we can harness for this transition is 
that of social innovation, which brings about changes in societal practices and structures where the resulting 
value accrues more for society as a whole than for private individuals. In complex systems, and living systems 
for that matter, the total is more than the sum of its components because while components are being replaced 
or recycled, it is the relationship between them what keeps the system identifiable and whole throughout. In 
the same vein, we think of technology as individual devices (i.e. components), yet technology can provide the 
fabric that interconnects components within the social system and give them meaning. 
 
 
 
 
 
 
Martin E. Wainstein 
Melbourne, Australia, 2018 
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Part 0 | Research Introduction  
 

Chapter 1. 
Systems and design thinking in a cross-scale approach to a climate-
compatible energy future 
We face a critical moment in our civilization, one that actually exhibits traits of previous societal collapses 
(Diamond, 2006; Scheffer et al., 2003; Tainter, 1990). On one hand, we face the real physical limitations of our 
planet. We have already crossed delicate nitrogen and biodiversity boundaries (Rockström et al., 2009) and 
hold the inertia to cross the safe-operating climate threshold as a result of our greenhouse gas emissions. On 
the other hand, these physical limitations have exposed the social, cultural and psychological limitations our 
society has to deal with such an unprecedented challenge. Do we have the capacity to mobilize, not just the 
technological, but our mental structures to safeguard environmental stability for future generations? If so, what 
forms of innovation can human ingenuity introduce to facilitate this capacity and revert our current path? 
I have attempted to gain a holistic understanding of this scenario. Not as a neutral observer, but as a researcher 
actively looking for solutions. Doctoral studies have historically focused on knowledge depth of a topic within 
a particular discipline. Facing systemic problems that are fundamentally interdisciplinary and being inspired 
by the opportunity to use academic thinking in the search for innovative solution, however, has fostered new 
approaches altogether. The work behind this thesis has been informed by a strong desire to consider complex 
systems in their entirety, across their nested scales, and to not avoid transdisciplinary lines of enquiry whenever 
needed.  
Systems thinking is used here to explore and elucidate core problems in the climate and energy transition 
challenge, as well as to design and propose potential solutions. The thesis thus exhibits a problem-solution 
duality in its very structure. Part I, which spans from chapter 2 to 4, introduces and analyses the energy business 
system as having a key role in delaying a swift energy transition; it frames business dynamics as a core problem. 
Part II uses insights from Part I to frame business as a potential driver of solutions. The work in this section 
also dives more deeply into the electricity sector to propose specific business models with disruptive capabilities 
for system change. 
As a whole, this research tests an original cross-scale approach that applies systems thinking to a complex 
systemic problem, identifies leverage points, and uses design thinking to propose business model innovations. 
Entrepreneurial opportunities are thus proposed to specifically engage leverage points as a means to trigger 
systemic transformation towards sustainability. Conventionally, the motivation in entrepreneurship relates to 
leveraging a market gap and opportunity to introduce a new profitable business model that has the potential 
to largely benefit the entrepreneur. Here, the motivation of the researcher is to identify entrepreneurial 
opportunities that can produce a positive and radical impact on the Earth system. 
This chapter lays the foundation to understand the nature of the thesis: why it spans from the Earth system 
down to business models, how it addresses research questions across multiple disciplines and frameworks, and 
what should the reader consider in the process. 

1.1 Background & motivation  
As of 2017, anthropogenic greenhouse gas emissions are responsible for a 0.9oC global average increase above 
pre-industrial temperatures (Hansen et al., 2010; Team, 2018). In order to prevent dangerous warming of the 
climate system, temperatures must be kept well below a 2oC increase and pursue efforts to stay below 1.5oC  
(Rockström et al., 2009; Rogelj et al., 2010; UNFCCC, 2015) To achieve this within a 25-50% probability, 
cumulative CO2 emissions must be kept within 1000-1470 Gt CO2 (Meinshausen et al., 2009). A linear phase-
out of this remaining budget, based on current yearly global emission, would result in zero anthropogenic 
emissions by 2050-2060. Since fossil fuel-related CO2 emissions for energy purposes account to over 72% of 
global anthropogenic emission (Blanco G. et al., 2014), maintaining a carbon budget implies a radical 
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transformation of the energy system in just under four decades. Being a system with high infrastructural inertia, 
this is undoubtedly a great challenge for our current generation.  
The global energy transition is not currently following a safe path to prevent the crossing of these safe-
operating climate thresholds. In fact, ‘most likely’ energy forecasts show a trajectory towards an over 4oC 
warming, maintaining a significant presence of hydrocarbons in the energy system mix by 2035 onwards (IEA, 
2016b). This inability to transition away from a high-carbon economy can be described as a system lock-in. 
Multiple factors produce the global hydrocarbon lock-in. Among others, these include infrastructure sunk 
costs, technological inertia, political agendas, business models and cultural mind-sets (Arthur, 1989; Unruh, 
2000). Lock-in and its contributing interacting factors can be analysed from the lens of complex systems —
whose aggregate behaviour is not linear to its individual components nor their sum, but must be taken as a 
whole (Scheffer and Westley, 2007). 
Academic studies on transitions towards sustainability fundamentally recognise that the process involves the 
transformation of nested complex systems and the escape of lock-in (Grin et al., 2010). Surprisingly, in the 
overarching science and policy discussions around climate change, and in transition studies, the role of the 
energy business fossil fuel lock-in is significantly underrepresented. We hear and read in popular media, critical 
business literature and activist organisations about ‘Big Business’ as a core-problem in the climate-energy 
nexus (Klein, 2015), but less so in climate change journals, IPCC summaries or UNFCCC-COP transcripts. 
Furthermore, we lack frameworks to discuss the role of energy business actors —whose large corporations can 
also be characterised as complex systems— in the process of radical transformation of the global energy system.  
Pricing carbon is often described as a mechanism that will facilitate the business system to re-direct its 
investments away from hydrocarbons and into clean technologies. But given the complex nature of the energy 
system and its actors, this is an optimistic simplification for how to escape lock-in and may require a more 
holistic understanding of the embedded dynamics. The first motivation of this thesis is, therefore, to fill this 
knowledge gap by applying system analysis to the role of the energy business within the global context of the 
Earth system and its climate challenge. A deeper insight into the fundamental dynamics involved in lock-in 
and large-scale business transformation would help clarify potential leverage points that should be addressed 
for this transition to accelerate. 
While an initial whole EBS overview is valuable, in order to identify areas in which to focus solutions, more 
specific sectoral insights are required. Assessment models based on climate targets show that, for the climate-
based transformation to be achieved, there must be a radical electrification of the energy system, and a fast 
decarbonisation of the electricity sector (Kriegler et al., 2014). Additionally, negative emissions scenarios 
required to compensate other sectors of the energy system, will likely come from electricity generation using 
Bio-Energy with Carbon Capture and Storage (i.e. BECCS). Considering electricity corresponds to just 18.5% 
of total energy consumption, and that almost 67% of its primary source is fossil based (IEA, 2017), these figures 
point towards the electrical power system undergoing the most radical transformation process within the 
energy system.   
The low-carbon transition of the power system has also been the subject of significant studies that recognize it 
as a complex system susceptible to lock-in (del Río and Unruh, 2007). There is a clear recognition that the 
transformation required does not only involve a change in technology, but also a system level shift in elements 
such as user practices, regulations, industrial networks, markets and infrastructure. As a short hand, the 
interaction of these systems is termed a socio-technical system. The study of sociotechnical transitions is 
particularly meaningful to understand how innovations can accelerate radical changes to sustainability (Davis 
et al., 2013; Elzen et al., 2002; Grin et al., 2010; Verbong and Geels, 2010). Here again, the role of the electricity 
business system is also understudied and underrepresented.  
Significant technological advances in distributed energy resources (DER) are helping transition the 
fundamental paradigm of the power system and introduce new business practices. However, the incumbent 
business model may still be delaying a swift transition in line with climate science (Bumpus and Comello, 
2017). A second motivation of this thesis is to have a clear system level understanding of the tensions between 
the incumbent and niche electricity business system. Again, this would inform of leverage points and 
opportunities for disruptive innovations.  
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With more industrialized power systems engaging in the low-carbon transition —marked by an increasing 
rollout of DERs (eg. Photovoltaics, wind turbines, distributed storage, electric vehicles and demand side 
management devices) — there is ample space for a systems thinking approach to deliver insights and proposals 
of where disruptive innovations can have a specific effect on accelerating a systemic transition. Particularly, 
just like in complex systems, the connection and relationship between components in the electricity system is 
as important as the components themselves, and similar logics can be applied to the outset of DERs. 
Furthermore, design thinking can be used to translate insights from systems thinking into workable solutions. 
Yet, the literature does not specify how this combination can be applied in such a complex issue and, as such, 
this thesis seeks to address this gap. 
Beyond specific technological innovations, a final motivation in this work deals with applying insights from a 
high-level analysis of the EBS transition, to propose social innovative solutions in the form of concrete business 
models for the distribution edge of the power system. This involves searching opportunities for disruption and 
designing key elements that can facilitate them. Social innovation pertains to changes in societal practices and 
structures rather than in specific technological elements, and where the type of value accrued increases overall 
societal welfare. Incorporating this in the design process of new business models for the electricity sector is 
particularly explored in Part II of this work.  

1.2 Scope, approach & focus 
As the previous introduction infers, this works takes a cross-scale approach to the climate and energy problem. 
Starting with a macro perspective, it looks at the problem from an Earth system level, down to society, business 
systems and technology as a meso scale, and into the intricacies of innovative business models to aggregate 
distributed energy devices in the electricity sector (i.e. a micro scale). This macro to micro traverse is part of 
its systems thinking nature. It recognizes the importance of studying climate-energy-society-economy as a 
continuum rather than as siloes, with a nested and even hierarchical relationship of these systems in their 
different scales. Furthermore, it builds from the insight that system transformation in both human and natural 
systems requires understanding the dynamics and complex interactions within and across scales in order to 
bring about desired outcomes from potential pathways (Gunderson, 2001).  
The unifying thread in this approach is the role of the EBS at each specific scale. Business is studied as a complex 
system in a dynamic environment: exploring both its role in stalling the transition as well as a vehicle for 
innovations to accelerate it. Figure 1.1 is a representation of how this cross-scale systems approach, with its 
specific cross-cutting themes, give way to the three publication outputs in corresponding chapters.  
At least three reasons can be pointed out for why to focus on the EBS as a unifying thread. First, business can 
be seen as a smaller complex system holding most if not all components of the global complex society; its study 
is fundamentally interdisciplinary with aspects including culture, economy, law, politics, psychology, 
technology etc. Second, the energy system, more particularly its supply chain, is run by businesses and can be 
argued to be the major facilitator of the global economy. At present, the current energy business system is not 
compatible with a sustainable climate. Third, business, being an organized group of individuals acting with a 
specific goal, and where the total is more than the sum of its parts, holds a blueprint of the value system of the 
culture in which is resides. Arguably, shifting business values is interdependent with shifting cultural values 
(Hofstede and Hofstede, 2001).  
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Figure 1.1 | Cross-system and multi scale approach in thesis structure and publication strategy. Figure shows 
the different system scales traversed by the unifying cross-cutting theme of the ‘energy business system’ and its sub-
themes. Three main segments of this cross-scale structure comprise the main outputs of the thesis in the form of peer-
reviewed publications as respective chapters. The x-axis corresponds to a transition in the analytical framework; from 
a systems to a design thinking lens. Designing and exploring this original methodology —a multi-dimensional 
approach to address research questions and arrive to problem-solution proposals— is one of the contributions of the 
thesis.  

1.3 Research questions and objectives 
The thesis holds a main research question throughout, which acts as a guiding principle that, in the process 
of answering it across system scales, yields the structure of the published results. 
 
Guiding research question: 
What forms of disruptive innovations can produce a systemic effect in the energy business system; 
changing fundamental paradigms, helping escape hydrocarbon lock-in, and accelerate a low-carbon 
future? 

Scale-specific research questions: 
The following three questions are complementary to the main one and correspond to each scale1 where the 
question is applied: a macro, a meso and a micro scale within the EBS. In other words, for each specific scale, 
which also coincides to each section and published outcome, there is a more specific research question that 
drives each work and builds on the previous section.  

Part I: Systems thinking approach— 

(macro scale) research question in paper 1 - chapter 3: 
• If maximising profits is a fundamental purpose of business systems, then do large fossil-based firms 

have the legal, political, cultural and psychological capability to make radical business model decisions 
in order to protect Earth system stability?  

• If the EBS purpose holds a systemic role in lock-in, what forms of innovations can help redefine business 
purpose and bring about a transformation? What type of frameworks can be developed to understand 
and study this transformative pathway? 

(meso scale) research question in paper 2 – chapter 4:  
• To what extent do business model tensions between incumbent and niche actors play, relative to the 

underlying technology, in slowing or accelerating the low-carbon power system transition? What type of 
frameworks can be developed to understand and study these dynamics? 

                                                             
1 Scale is defined and used in this thesis primarily in terms of the size of the system under review, for example as used in a panarchy of 
complex adaptive systems (Gunderson, 2001). Other conceptions of scale exist in the academic literature, such as in Marston (2000) 
and Swyngedouw (2004), but these are left aside for this piece of work.  
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Part II: Design thinking approach— 
(micro scale) research question in paper 3 – chapter 6, and chapter 7: 

• Can social innovation, in the form of distributed energy resource aggregation business models, have a 
catalytic effect in decarbonizing the electricity sector? What form would this take and how would this 
come about? 

• Chapter 6: “How does the DER portfolio structure and market variables affect a virtual power plant 
business case?” 

• Chapter 7: “What are use-cases of blockchain technology in a social virtual energy network? Can a 
simple and intuitive user interface be designed for it, so as to foster mainstream adoption? 

 
Hypothesis, Proposition and Design Principle (for Part II) 
In addition to the research question, the thesis lays out a hypothesis and proposition that inform the 
development of a design frame and principle for Part II. The hypothesis and proposition are developed by an 
inductive process from the work presented in Part I. Section 5.2 and specifically Figure 5.1 explain the process 
of connecting insights and logic of both sections.  
hypothesis 
“A large-scale presence of hybrid firms in the distributed electricity sector can provide social and technical 
flexibility for the energy complex to uptake low-carbon systems” 
Hybrid firms are referred to here as any form of business that has a legislated framework establishing that its 
main purpose is not to produce profit for shareholders, but to address a socioenvironmental problem, where 
profit can be generated through the market-based approach of producing its proposed social value. Social and 
technical flexibility refers to reducing the rigidity of the energy regime (i.e. resource accumulation, 
connectedness).  
Particularly from the analysis in chapter 4, a proposition is developed that further informs a design frame.  
 
proposition 
“If market and regulatory conditions in the electricity sector allow the presence of business models designed to 
provide multiple energy services through aggregation and coordination of distributed energy resources using an 
Internet platform to conduct primary business operations, then hybrid firms can achieve commercial advantage 
and disruptive market scale” 
A design frame involves a general working principle and an aspired value (Dorst, 2011). Using abductive 
reasoning, both the hypothesis and the proposition guide the development of the design principle used in Part 
II. Through an iterative design thinking approach, this principle is used to develop and design the concept of 
a social virtual energy network (SVEN). An abductive vs. deductive reasoning is important in this context since 
there cannot be a definitive right answer within design, but there can be good approximations. 
design principle 
 “Is it possible to design a scalable and replicable social business model system for aggregating distributed energy 
resources using a decentralized peer-to-peer Internet network in its management and operation?” 

1.4 Research methodology 
In order to answer the research question guiding this thesis and explore its core hypothesis, multiple methods 
are used, all of which relate to a systems-based cross-scale approach. The principle method involves the 
application of grounded theory (Suddaby, 2006) for conceptual framework developments and analyses of the 
EBS, placing it in the context of a transition to meet climate-based emission targets. It integrates theories in 
transition of complex systems and innovations to sustainability. Part I frames and analyses both the global and 
the electricity EBS while Part II uses design thinking and system architecting to develop a specific urban 
business model for aggregation of DERs. Given the different nature in the approaches of each part, each one 
has its own introductory chapter that lays out the more specific approach and methodology. Chapter 2 does 
this for systems thinking, while chapter 5 includes a discussion of design thinking as well explaining the 
complementarity of both.  
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In part I, the portrayal of the global and electricity EBS uses logical induction and synthesis from an extensive 
literature research and strategic analysis. In both cases a conceptual framework is developed to address the 
specific research questions (Jabareen, 2009). For the global EBS (i.e. chapter 3), an integration of sociotechnical, 
socioecological and resilience systems theory is used to develop the ‘EBS metabolism’ framework (see sections 
1.1 and SM1 in chapter 3 for further detail). For the electricity EBS, an integration of sociotechnical system and 
business model theory is used, along with an etic coding approach for each of the illustrative examples 
presented that shed light to the tensions between incumbent and niche actors (Crang, 2005) (see section 4 of 
chapter 4 for further detail). 
As mentioned above, part II uses a design thinking approach, which builds from the systems thinking insights 
of Part I. The inductive reasoning from Part I, and its associated hypothesis and propositions, are translated 
into a design frame that informs the business modelling undertaking. Figure 5.1 illustrates how the systems 
thinking insight and reasoning is used for an abductive design thinking approach based on Dorst (2011) 
structure of design logic. Having established general principal in the design frame, the process then derives 
further technical background from a literature review on participatory smart grids (section 5.3) and integrates 
multiple innovations to propose a (potentially disruptive) business model concept described as a social virtual 
energy network (SVEN) (see section 6.II for further detail). Two iterations in the design of the SVEN concept 
and architecture are presented in chapter 5 and 6 respectively. The iterative design thinking process follows 
steps presented in Brown (2008) and Maier (2000) (see figure 5.5). In the first iteration, a simulation of the 
underlying power and business system dynamics involved in a SVEN implements cost structures and 
optimization functions presented in Schreiber et al (2015). The second iteration, which focuses on the role of 
blockchain technology and user interface design, develops business model archetypes in a similar fashion as 
Bocken (2014), and applies general heuristics for mobile interface design (Lumsden, 2008). 
 

1.5 Relevance & contributions to knowledge 
The fundamental relevance of this thesis can be derived from the nature of the problem it wishes to tackle. The 
energy transition required to stay within safe climate thresholds cannot come about through incremental 
changes and innovations. Rather, it requires disruptive changes that produce exponential outcomes both in 
technological and social structures. As described in the background section, the role of business as a system —
with its global practices and mindset— is significantly under studied or represented in the climate discussion. 
This makes it susceptible to underestimation of the challenges to escape hydrocarbon lock-in, as well as 
overestimation of the potential for conventional business and market forces to deliver the necessary low-
carbon results.  
Applying a system innovation theory to the transition of the EBS is thus highly relevant to the Earth system 
problem. More specifically, considering the increased roll-out of DERs such as photovoltaics, distributed 
storage, electric vehicles and wind turbines, this thesis provides particular relevant opportunities for social 
business model innovation in the distribution edge of the power grid.  
As a first line of contribution, the research output of this thesis proposes three concrete answers to its 
‘guiding research question’ introduced in section 1.3. These answers follow a macro-meso-micro structure 
since they are directly inferred from the three specific published papers and chapters. Namely, answers to the 
following question “What forms of disruptive innovations can produce a systemic effect in the energy business 
system; changing fundamental paradigms, helping escape hydrocarbon lock-in and accelerate a low-carbon 
future?” are: 

1. See chapter 3 – (paper 1): Social innovation in the form of an alternative business purpose, changing 
governance and legal roles in the director and shareholder position—business changing not how or 
what it does but why, and where value delivered considers Earth and society as a whole over its 
shareholder position. 

2. See chapter 4 – (paper 2): Business model innovation in the electrical power system —changing value 
proposition (eg. to a product service system), financial innovations to reduce upfront costs, DER 
participation and community factors for social acceptance. 

3. See chapter 6, 7 – (paper 3): A social virtual energy network with, aggregated DERs in a peer-to-peer 
(p2p) community-run business model, a virtual power plant for market participation, blockchain 
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technology to enable p2p transaction trust and decentralized governance, and a collective purpose of 
accelerating a transition to a low-carbon state. 

 
In the process of specifically answering its research question through a systemic approach, this work 
produced three concrete original contributions to the field of systems thinking and modelling: 
 

1. Contributions to systems transition methodology: This thesis introduces two original and 
interdisciplinary conceptual frameworks. The first combines knowledge on complex adaptive systems, 
both in the context of socio-ecological and socio-technical transitions and applies it as a metabolic 
framework to the energy business system (i.e. chapter 3). The second combines the multi-level 
perspective on sociotechnical systems and business model theory and applies it to the electrical power 
system (i.e. chapter 4).  

2. Original contributions to energy and business system knowledge: This thesis explores the systemic role 
that the business purpose has on the underlying climate and energy transition. Chapter 3 presents this 
in the form of an original EBS metabolism map and provides systemic reasoning to hypothesise that 
the profit-maximisation purpose of the EBS may be incompatible with climate-based emission targets.  

3. Original contributions to the use of systems thinking analysis in design thinking for social business 
modelling and entrepreneurship applied to the power system: The thesis presents the idea and iterative 
designs for what is described as a Social Virtual Energy Network (SVEN). A SVEN combines concepts 
of smart grids, virtual power plant technology, demand side management devices, demand response 
programs, the internet-of-things, peer-to-peer platforms, prosumerism, social enterprises and 
blockchains into a community-run DER aggregation platform that considers urban transitions to a 
low-carbon and energy resilience state.  

 

1.6 Thesis structure and navigation 
This thesis is essentially structured in two Parts: Part I is a systems transition analysis of the energy business 
system, including perspectives of the global EBS and the electrical power EBS. Part II is a systems design and 
business modelling exercise for the distribution edge of the power grid. Given these two parts utilize very 
different methods and background literature —Part 1 is a qualitative analysis, while Part 2 uses design thinking 
and a quantitative analysis for system design— each of these has its own introductory chapter that provides 
the specific review of the relevant literature and its methodological approach. Part 0 introduced the thesis, its 
research background and its overarching approach. Chapter 8 could be considered as a Part 3 since it reflects 
and discusses research relevance of Part 1 and 2 and provides a conclusion.  
The thesis is designed to be read in its entirety from beginning to end although, since it holds three peer-
reviewed publications, chapters 3, 4 and 6 have their own introduction, methodology and conclusion. These 
three publication outputs follow a logical structure as detailed in Figure 1.1.  
Figure 1.2 acts as a thesis navigation manual for the reader to understand its overall structural logic of parts 
and chapters. 
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Figure 1.2 | Illustrated thesis structural and content map. Meta-diagram showing the table of content in the form 
of a logic flow in the thesis structure and chapters. Each chapter holds a synopsis in bullets and states whether it 
addresses a hypothesis, proposition or design principle. Chapters 3 and 4 of Part I hold similar structural topics in 
regards to the EBS but use different theoretical backgrounds.  Chapters in highlighted coloured box (i.e. 3,4, 6) are 
papers published in peer-reviewed journals.  Non-solid arrow segments represent possible future directions of this 
work. 
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SYSTEMS THINKING 

PART I:  
The Energy Business System:  
Facing a Complex Societal Transition 
 
CHAPTER 2:  Transition of complex systems and a transdisciplinary approach to problem-driven research  
CHAPTER 3: Energy business transformation and Earth system resilience: a metabolic approach 

CHAPTER 4:  Business models as drivers of the low carbon power system transition: a multi-level 
perspective 
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Chapter 2 
Transition of complex systems and a transdisciplinary approach to 
problem-driven research 
 
This chapter covers a revision of the bodies of literature that are used to tackle the guiding research question 
using a systems thinking analysis. As an introduction to Part I, it presents the foundation for the thesis’ 
qualitative approach, and focuses more on the theories and frameworks to identify the problems or sources of 
lock-in in the transition of the energy system. It introduces how the thesis frames the energy business as a 
system (i.e. the EBS), and the meaningful literature that gives way to the work in chapters 3 and 4 (papers 1 
and 2).  
As an interdisciplinary approach, different topics or areas of study are introduced initially in order to then 
delineate and explore their intersections. In fact, different bodies of literature are combined in chapters 3 and 
4 to develop their multidisciplinary conceptual frameworks. These are specific to the analysis of the system’s 
scale and theme each chapter tackles. Chapter 3 evaluates the global EBS in an Earth or ecological context, 
while chapter 4 is specific to the EBS of the electrical power system in the context of a changing technological 
regime. Since both of these chapters use a literature intensive approach in order to build their frameworks, in 
the interest of avoiding repetition, this chapter also refers to specific sections in chapter 3 and 4 where a 
literature review is covered in further detail. 
An introduction to general systemic changes in the electrical power system are not included in this chapter, 
but are introduced in chapter 4 prior to undertaking a business model systems analysis. A further detailed 
review of technical aspects in smart power grids is presented in Part II.  
Figure 2.1 illustrates the different streams of systems thinking used in Part I to analyse the EBS in the context 
of a transition to sustainable development. 

 
Figure 2.1. Systems thinking research framework. The diagram depicts how this research combines different 
streams of literature and theories to define its systems thinking framework in a transition context. It considers the 
overarching systems in a nested way; from ecology (i.e. Earth) to business. Technology and business are not 
considered to have a specific hierarchy in these scales, and mostly overlap considering the energy system.  

2.1 Complex systems and transition studies 

2.1.1 An introduction to complexity and systems thinking to address our grandest challenges 
An internal combustion engine is a complicated system. Calibrated camshafts articulate to move valves 
allowing the introduction of the right balance of fuel and air in a chamber that, when combusted, makes high 
temperature and pressured gas move pistons that in turn move multiple subsequent parts transforming 
chemical to mechanical energy. All components must work in an orchestrated synchrony for the system to 
operate. But the underlying physical and chemical processes, with linear cause and effects, can be predicted 
and calculated with such precision that modern combustion engines have a digital interface that manages the 
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whole process from a local computer. This was precisely John Holland’s (1992) point when contrasting 
complicated with complex adaptive systems. Complex adaptive systems (CAS) are harder, if not impossible to 
predict with a high level of accuracy by a computer. This is because CAS adapt, self-organise and evolve based 
on their changing environment. Understanding with utmost precision the behaviour of a CAS’s components, 
does not equate to understanding the CAS as a whole, which also requires understanding its changing complex 
environment. 
Examples of CAS cover a vast range, from regional ecosystems to insect colonies; from financial markets to 
large corporations. CAS are a subset of complex systems because of their adaptive quality. Complex systems, 
in general, are systems encompassing multiple components and, more importantly, a non-linear network of 
interactions among them. Due to the non-linear nature, a small occurrence in a part of the system can have a 
rippling effect whereby outputs are not proportional to inputs (Sterman, 2002). The Earth’s climate system is 
a seminal example of this complex non-linearity (Schellnhuber, 1999).  
Recognising and seeing the world and its components as a complex system, rather than a complicated system, 
has given rise to the field and practice of systems thinking. Systems thinking’s holistic approach to tackling 
grand societal problems, particularly those arising from the human-Earth relationship, was the foundation in 
Donella Meadows et al. book ‘The Limits to Growth’ (1972). Although the book has been object of much 
contested debate, having forecasts on growth limitation opaqued by the late 20th century economic boom, its 
exploration laid a stepping stone in the use of systems thinking to evaluate and the world’s most complex and 
pressing issues.  
The basis for applying a systems thinking analysis to tackle problem-oriented research builds from some of the 
core understandings of complex systems. The nature of relationships among components is characterised by 
stocks and flows; which can be simplified as physical flows (eg. energy in its material form), information flows 
(eg. signals) or, in more blurry cases, both (eg. photons) (Meadows and Wright, 2008). System behaviour is 
governed by positive feedbacks —which amplify a signal— and negative feedbacks —which dampen a signal. 
Of particular importance —and fundamental relevance to this thesis— Donella Meadows insists that “the least 
obvious part of the system, its function or purpose, is often the most crucial determinant of the system’s 
behaviors” (Meadows, 1999). 
The application of some of these basic insights can be used to construct more mathematical cause-effect models 
of complex systems. The use of these models to aid decision and policy making when dealing with systemic 
problems, gave rise to the field of system dynamics, pioneered by Jay Forrester (1968), which applied it to 
specific large systems of interests (eg. industrial, urban and even world system dynamics)(Forrester, 1993).  
In order to pursue research on systemic problems and solutions for the climate and energy nexus, systems 
thinking provides a suitable mindset and approach; a frame where to structure and harness the different 
theoretical, conceptual and practical tools around complex system dynamics.  
 

2.1.2 Nested complex systems and the climate and energy challenge 

At the core of this thesis lies the lock-in trajectory of the energy system, preventing a safe emission pathway to 
be realistic and realisable under present conditions. An important first contribution of a systems thinking 
approach, is to recognise the nested nature of complex systems in this human-Earth nexus. This means that, 
more often than not, the components of a complex system are complex systems themselves. It applies to both 
lower system scales (i.e. the components within the system) and higher scales (i.e. the system as a component 
of a higher system, which is its medium). Higher and lower system scales are referred here in terms of the 
system’s relative size.  
Earth is a large complex ecological system and human society a large social system within it. By keeping a 
global scope, but reducing scales down the specific line of interest, we find: the global economic system; within 
it, the energy system; within it, a complex network of supply chains, which in turn holds a business system (see 
figure 3 in chapter 3). Dynamics of hydrocarbon combustion, the core physical flow responsible for the higher 
ecosystem disturbance, can be analysed wholly at this supply chain-business system level. Also at this scale, we 
can identify a branch when lowering further in system scales. On one hand a technological branch, that can go 
down to a machine scale (eg. a car) and its nested complicated components (i.e. the internal combustion 
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engine), and on the other hand a social branch, which can go down to the individual human scale (i.e. another 
CAS).  
Navigating the existing research literature across multiple system scales may seem insurmountable, but there 
is, however, a dividing pattern for a clear categorisation. The mid to higher system scales —i.e. the human-
earth nexus— can be framed from a socio-ecological system perspective. Socio-ecological systems theory, 
focuses particularly in CAS, and emerged as a part of a sustainability studies for human governance of its 
ecosystem (Berkes and Folke, 1998; Ostrom, 2007). The mid to lower system scale can be studied in terms of 
the human-technology nexus and framed from a socio-technical system perspective. Sociotechnical systems 
theory also arises from sustainability studies but relates to the role of technology as an embedded and co-
evolutionary process with the social system, forming a “seamless web” of heterogeneous elements (Hughes, 
1986; Rip and Kemp, 1998). Figure 2.1 represents how these two general streams are used in the research 
framework. 
From a climate and energy perspective, the current state is unsustainable across the whole Earth-human-
technology system nexus. As such, both socioecological and sociotechnical system theories form the backdrop 
of a more specific focus on the process of system transition to sustainable development (Berkes et al., 2008; 
Grin et al., 2010). Both research lines share the same aspects of embedded complex systems, the need to 
overcome rigidity and lock-in, and have developed particular analyses of the climate-energy system challenge, 
but with synergic complementarities for this thesis to employ (Bale et al., 2015; Elzen et al., 2002; Hodbod and 
Adger, 2014; Smith and Stirling, 2010). 
 

2.1.3 A critical societal transition to sustainability:  ecology and technology perspectives 

Adaptive cycles and panarchy in socio-ecological transitions 

A key insight in the study of CAS across human and natural systems, is that their adaptive capability arises 
from the system undergoing cycles of growth, consolidation, collapse and reconfiguration; a pulse of creation 
and destruction. This is referred as the adaptive cycle of CAS. The concept of the adaptive cycles originates in 
ecology (Holling, 1986), but as CAS studies incorporate social systems, it becomes a connector in socio-
ecological systems analysis (Holling and Sanderson, 1996), and finally consolidated as a theory for 
transformation of CAS in Gunderson & Holling’s book “Panarchy” (Gunderson, 2001). 
Adaptive cycles in CAS, as a heuristic model, has another root in transition of markets, economies and business 
systems. It’s Schumpeter’s (2013) concept of ‘creative destruction’ that brings insight to the description of the 
omega (‘Ω’) or collapse phase in the adaptive cycle. This proves particularly useful to link complex systems 
such as Earth and the EBS and the dynamics of transition and transformation across critical thresholds.  
Figure 2.2, shows the adaptive cycle of CAS adapted from Holling (2001). Each phase in the cycle (œ, r, K, Ω) 
is annotated directly in the diagram for visual simplicity. Since one of the characteristics of CAS is their nested 
quality on systems of different scales, there are naturally different stages and temporal properties of the 
adaptive cycle at each CAS’s scale. This is one of the main concepts explored in the panarchy framework for 
understanding socio-ecological transitions (Gunderson, 2001). A panarchy is specifically described as the 
hierarchical structure of CAS across scales, and the different dynamics across these scales that further 
contributes to their evolving nature.  
Without revisiting the panarchy and CAS literature compiled in Gunderson & Holling’s (2014) book in full 
detail, there are three main points worth highlighting. These pertain to why the framework is particularly 
suitable for exploring the research interests laid in chapter 1. Namely, the role of the EBS in the overarching 
climate context, the sources and possible escapes to lock-in, and the identification of disruptive innovations 
that accelerate systemic transitions.  
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Figure 2.2 | The Adaptive Cycle.  Complex Adaptive Systems (CAS) undergo cycles of expansion and 
contraction to remain adaptive to a changing environment. Adapted from (Holling, 2001). 
First, panarchy underpins the importance of cross-scale dynamics in the process of large scale transitions. This 
supports the mapping and framing of the energy transition in the different hierarchies involved. Nested 
systems undergo their adaptive cycles at disparate speeds, which produces different effects across the 
hierarchical structure (Holling and Gunderson, 2002). Systems of higher scales produce stabilizing effects, 
referred to ‘Remember’ feedbacks (aka ‘system memory’), and those from lower scales have more disruptive 
or ‘Revolting’ effects on higher ones (Holling et al., 2002) (see figure SM2b in chapter 3). This suggests the 
importance of analysing cross-scale feedbacks panning from the EBS to the Earth system and their 
contributions to furthering or stalling a transition.  
The second important aspect is that the study of adaptive cycles of complex systems has a particular focus on 
the role and nature of lock-in, and distinguishes beneficial from detrimental lock-in (Scheffer et al., 2001). It 
provides insight on how a severe system lock-in, such as a ‘rigidity trap,’ can bring about a whole system 
collapse and escape of the adaptive cycle (Holling et al., 2002; Walker and Salt, 2012). Lock-in and ‘rigidity 
traps’ can be understood as a prolonged K phase in the cycle, with high levels of connections, wealth and 
resilience. Using the adaptive cycle to diagnose dangerous lock-in also complements with the studies done on 
critical transitions of complex systems across irreversible thresholds, highlighting, for example, the work of 
Martin Scheffer (Scheffer, 2009; Scheffer and Carpenter, 2003; Scheffer and Westley, 2007). In fact, Dangerman 
(2013) and Dangerman and Schellnhuber (2013), particularly apply a panarchy analysis to characterise lock-
in the energy system, with specific insights on the EBS’s contributions to it. They note that limited liability at 
the corporate legal scale of the EBS, reduces the intensity of the environmental feedback coming from the 
(higher) Earth system scale, enhancing a feedback loop that further locks the EBS on a hydrocarbon pathway.  
Finally, adaptive cycles in panarchy provide a systemic place for innovations in the process of a transition. 
Innovations can be disruptive if they accelerate the collapse in the omega phase (i.e. a creative destruction of a 
system in conservation) and be ‘system shaping’ by guiding the trajectory in the alpha and r phase where 
reconfigurations to new pathways occur and where uncertainty is highest. This is a valuable tool specifically 
for analysing business cycles. 
While the adaptive cycle in Fig 2.2 places the four phases in a 2-D axis of ‘connectedness’ and ‘potential,’ the 
complete adaptive cycle incorporates a third dimension: ‘resilience.’ Throughout the cycle’s phases, resilience 
increases and decreases, which brings insight to why high resilience in a lower scale system (i.e. in a late-K 
phase) can produce the loss of resilience in a system of higher scale (see Fig. SM2 of Chapter 3)(Walker and 
Salt, 2012). Furthermore, the incorporation of resilience provides a link to the established body of literature 
around resilience as a key system property in sustainability research (Alliance, 2007; Folke et al., 2002; 
Rockström et al., 2009). Resilience thinking, particularly, provides a distinction between transformation, 
resilience, and adaptiveness of systems (Folke et al., 2010), and validates the pursuit of leverage points at the 
right system scale as means to produce effects that can bring about a transition towards a desired sustainable 
state (Meadows, 1999).  
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Section 1 and the Supplementary Material 1 of chapter 3 provide further detail on the literature on socio-
ecological transitions, and particularly apply it to lock-in of the EBS.  
In general, this section puts forward multiple concepts coming from large bodies of literature, but they are 
important for context setting and theoretical placement of the thesis. 
 

A multi-level perspective on sociotechnical transitions 

An energy transition study naturally requires the incorporation of technology as a fundamental element within 
its complex ecosystem. A low-carbon transition implies a change in both the technologies used to harness and 
deliver energy to users, and in the energy-consuming technologies used by users to obtain multiple services. 
However, it does not imply only a change in physical artefacts. Stable technological developments involve the 
creation of relationships between heterogeneous element such as organizations, natural resources, scientific 
elements, laws and user practices, all embedded in the social structure (Hughes, 1986). Transition of 
sociotechnical systems particularly study the processes in which this configuration of elements undergoes a 
“reweaving” of its web into a new sociotechnical configuration. Given this research project aims to study the 
disruptive influence innovations (and its associated technologies) can have in the context of a transition, it 
implies analysing the degree in which it can accelerate this reconfiguration process. In other words, the level 
of ‘creative destruction’ an innovation could have (Schumpeter, 2013). This section introduces the multi-level 
perspective (MLP) on sociotechnical transitions, which is an ideal framework for a holistic analysis of the 
energy and power transition, and can be applied to the role of innovation in the EBS. 
The MLP argues that technological transitions occur through the dynamic interaction of processes at different 
societal levels (Geels, 2002). Namely a non-linear interplay between: niches, the protected hubs where 
experimentation becomes the source of innovation; sociotechnical regimes, a structure of practices and rules 
formed by multiple actors such as industry, policy, culture and science, characterised by resilience and even 
lock-in that prevents innovation insertions; and the sociotechnical landscape, the wider context of societal 
changes, which includes global technological infrastructures, arrangement of cities and global paradigms 
(Geels, 2004). These levels are also described as having a nested hierarchy, meaning innovation niches are 
embedded within the incumbent regimes, which are embedded in the bigger landscape. Fig. 2.3a shows a 
representation of the nested hierarchical nature of these three levels.  
A technological transition implies a radical (by extent rather than speed) reconfiguration of the sociotechnical 
regime incorporating a niche innovation and a subsequent influence on the landscape. While that landscape 
provides stability, preventing transitions from occurring, shocks at this level can facilitate opportunities. Geels 
and Schot (2007) provide a detailed typology of the different pathways in which this transition may come 
about, through processes they characterise as: transformation, reconfiguration, technological substitution, and 
de-alignment and re-alignment. Figure 2.3b shows the MLP on transitions with a visual representation of how 
innovations can produce a regime transformation given the right landscape influences. Section 2.2 in chapter 
4 provides a more detailed description of the niche-regime-landscape interplay involved in a transition from 
an MLP perspective 
The energy system is well represented by the MLP (Elzen et al., 2002). Energy represents a sociotechnical 
regime governed by multiple societal elements: technologies, energy firms, user practices, policies and 
regulations etc. Niche-innovations are seen in the form of new energy technologies, energy saving practices or 
even business models to market energy services. The energy landscape can exert pressure on the regime and 
allow diffusion of innovations, for example with the price of oil or policies to prevent climate change. Section 
1 and particularly SM1 in Chapter 3 make more specific descriptions and representation of a MLP on the global 
energy system. Section 2.2 and 3.2 of chapter 4 apply the MLP to the electrical power system.  
This research places specific focus on the role of the EBS in a climate target context, and of disruptive 
innovations to escape lock-in and accelerate the low-carbon transition. For this, the MLP represents a valuable 
tool. It can be applied to describe and assess both the lock-in dynamics of regime business models, and 
potential disruptive ones from social and business model innovations at a niche-level, and specifically how 
these tensions play out in the existing electricity regime, and how landscape influences might provide windows 
of opportunities for clean energy developments to accelerate.  
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Figure 2.3 | A Multi-Level Perspective (MLP) on Transitions. a- The nested hierarchy of the three sociotechnical 
levels are represented conceptually, with a further detailed representation of the multi-actor network dynamic 
occurring at the regime level. (Adapated from Geels (2002)). b- The dynamic nature of the MLP perspective on 
technological transitions where a dominant niche inserts into a destabilized regime, assisted by landscape pressures, 
producing system innovation (Adapted from Geels (2002)).  

 

2.2 The Energy Business as a System 
This thesis defines the EBS as “ the set of actors, processes, networks, established practices, mindsets and norms 
involved in the business of delivering this energy to society” (see chapter 3 section 2). The EBS is characterised 
as a CAS, and its main actors, ‘carbon majors,’ are also evaluated as CAS. Carbon majors are the group of 
businesses, public or private, whose emissions traced to their production records amounts to over 8MtC/year 
(Heede, 2014). Section 2 in chapter 3 provides further description of the EBS and carbon majors, placing them 
in the context of the energy system (see Fig 3a and b of chapter 3).  
The main sources used to define the structure of the EBS have been the IEA (2015, 2016a, b; 2017), IIASA (De 
Stercke, 2014), the GEA (GEA, 2012), IPCC WG3 (Bruckner T., 2014), Riahi (2012), and Heede for carbon 
majors, defined further below (Heede, 2014; Heede and Oreskes, 2016).  
 

2.3 Business systems: models, innovations and purpose 
This research has three specific cross-cutting themes of interest in regards to an EBS analysis, which help 
identify suitable bodies of literature to build on. The three themes are: lock-in in the low-carbon transition, 
disruptive innovations as drivers of transitions, and purpose as fundamental to changing system behaviour. 
The role of business in system lock-in has been explored in terms of business models (Amit and Zott, 2001), 
dynamics of increasing returns (Arrow, 2000; Arthur, 1996; Unruh, 2000), and the shareholder position in 
terms of corporate law (Dangerman and Schellnhuber, 2013). Business and disruptive innovation literature is 
vast, but both technological and social innovations can be encompassed through a business model lens (Boons 
et al., 2013; Chesbrough and Rosenbloom, 2002; Markides and Charitou, 2004). Moreover, the theory of 
disruptive innovations put forth by C. Christensen’s (1997) can also be understood from a business model lens, 
with the innovator’s dilemma being a fork between incremental improvements and a straightforward 
reconfiguration of the core business model to access an emerging, previously overlooked market segment. The 
issue of business system purpose gave way to the rising literature of social entrepreneurship, a field of social 
innovation (Battiliana et al., 2012) as well as the legal discussions around shareholder primacy and corporate 
governance (Fisch, 2005). 
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Using this ‘theme-to-literature’ connection helps define the most relevant bodies of literature to be 
incorporated into the EBS analysis. Although these are not consolidated among scholarly articles, these are: a) 
business model theory, b) business system dynamics, and c) corporate governance and its connection to social 
entrepreneurship. Below is a further scoping and revision of each.  
Business model (BM) theory is more recent to academic studies than one would expect. The emergence of 
internet companies whose main service offered was free (eg. Google’s search engine) (Zott et al., 2011), brought 
light to the need of establishing a model to understand how a firm makes money (Baden-Fuller and Morgan, 
2010; Zott and Amit, 2010). One of the most consolidated tools for business model analysis and practical 
venturing has been the 9-point decomposition of a BM canvas by Osterwalder (Osterwalder and Pigneur, 2010; 
Osterwalder et al., 2005). Section 2.3 of Chapter 4 provides a detailed revision of general BM theory literature, 
whilst section 2.4 explores its specific intersection with low-carbon transition studies. In summary, these 
sections revise how the BM can be a source of lock-in in a transition (Amit and Zott, 2001; Evans, 2011), a 
powerful vehicle to insert low-carbon innovations into a technological regime (Keskin et al., 2013; Loorbach 
and Wijsman, 2013), and how BM can act as low-carbon innovations themselves (Bocken et al., 2014; Boons 
and Lüdeke-Freund, 2013). Business model innovation is associated with a shift in its value proposition, 
changing the relationship between the business and the customer by rethinking the fundamental product or 
service proposed, which most often opens a new market segment (Chesbrough, 2010).  
The theory of disruptive innovation is particularly relevant to the BM lens, since it is not anchored on the 
development of a new game-changing technology alone. In fact, while disruption is a process where a small 
company with few resources successfully challenges an established incumbent, Christensen’s disruptive 
innovations (2015) initiate with an under-performing offering and technology relative to the mainstream 
incumbent one. The difference is that it taps into the overlooked lower-end market, consolidates volumes and 
then transitions to mainstream customers with an improves offering. Uber, under this theory, is an innovative 
BM that ushered in a new paradigm in p2p commerce, but it is not a disruptive innovation since it catered 
directly to the upper-end market (Christensen et al., 2015). A final important point to highlight in this 
introduction to BM literature, is that although it addresses how a firm makes money, it hardly explores why it 
makes money. This is more relevant to the field of social innovation (Phills et al., 2008; Wilson and Post, 2013). 
Business system dynamics is scoped here as the work that applies to business, knowledge of how feedback 
processes shape the behaviour of complex systems. The most straightforward example is Sterman’s (Sterman, 
2002; Sterman, 2000) application of Jay Forrester’s school of system dynamics to understand business systems 
through stock and flows, and causal loop diagrams of positive and negative feedback effects. The field has a 
relevant foundation from previous studies such as those from Schumpeter and Kondratieff on business and 
technology cycles (Kondratieff, 1979; Schumpeter, 1939; Schumpeter, 2013). More specifically, a system 
dynamics approach to business lock-in and path dependence can be attributed to the work of Brian Arthur 
(Arthur, 1989, 1996). Finally, the extension of this systems approach to the role of business in the low-carbon 
energy transition manifests in the work of Gregory Unruh’s to describe dynamics in a techno-institutional 
complex (Unruh, 2000; Unruh and Carrillo-Hermosilla, 2006), the private sector dynamics in sociotechnical 
energy regime (Geels, 2014; Turnheim and Geels, 2012), and the specific application of system dynamics to 
energy system lock-in by Dangerman (2013). Section 2 in Chapter 3 makes specific use of this literature for the 
analysis of the EBS. 
The overlap of corporate governance and social entrepreneurship in regards to business purpose can be divided 
into two main lines of study. The first focuses on identifying the shortcomings of modern corporate 
governance and the shareholder position in regards to welfare maximization. The second explores solutions 
specifically looking at alternative corporate forms with a purposeful drive. Shortcomings of modern corporate 
governance are analysed in both a legal and economic lens. From a legal lens, it’s worth distinguishing work 
that addresses limited liability and shareholder primacy. Henry Hansmann (1992, 1991) provides a thorough 
critique of limited liability as well as offering concrete solutions through pro-rata unlimited liability for 
corporate torts. Shareholder primacy’s legal critiques focus more on whether directors are obliged to meet 
shareholder profit expectations or whether shareholder have a legal ground to sue directors and managers if 
they don’t follow suit. Arguing with M. Friedman’s (2007) profit-purpose legacy, valuable analyses on this 
topic include authors such as Stout (2014, 2012), Jill Fisch (2005), and those that sustain it as Bainbridge (2002, 
1993). As opposed to a purely legal lens, economic critiques of how modern corporate governance and 
shareholder primacy affects business, societal and environmental welfare include literature on information 
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asymmetry (Grossman and Stiglitz, 1980; Stiglitz, 2002, 2007b), governance and culture of the financial system 
(Dore, 2008), and microeconomic incentive frictions among stakeholders (Haldane, 2015), to name a few. 
Murray (Murray and King, 2012) and Wallace (Wallace, 2009, 2008) particularly apply these lines of analysis 
to the energy system in light of the climate challenge.  
The legal debates on shareholder primacy, and the onset of the 2008 financial crisis, contributed to the 
acceleration of new legal forms of incorporation and its accompanying literature (Clark and Vranka, 2012; 
Murray, 2012). The U.S. benefit corporation (B-Corp) and U.K.’s community-interest corporation (CIC) are 
representative examples in the development of mission rather than profit oriented corporations (Esposito, 
2012). Because of its legal foundation and associated constraints, this line of study can be distinguished as a 
concrete alternative corporate form in comparison to those of corporate social responsibility, reporting, and 
its financial incentives (Cheng et al., 2014; Eccles et al., 2014; Mickels, 2009).  Furthermore, while the example 
of benefit corporations can be taken as a legal institutionalization of social entrepreneurship, this emerging 
and still fragmented field is more encompassing, covering a spectrum of business as driver of positive social 
and environmental value creation (Dees, 2003; Weerawardena and Mort, 2006). This spectrum ranges from 
studies around a peer-based and sharing economy as included forms of social business (Andersson et al., 2013; 
Belk, 2014; Botsman and Rogers, 2011), to the stricter but pioneering view of Muhamad Yunus (2010), which 
states the only real case of social entrepreneurship is one that addresses the inequalities between the top and 
bottom of the socioeconomic pyramid.  

2.4 Business and the Energy system lock-in: revision of existing frameworks and literature 
Having introduced literature on complex systems thinking, transition studies, and having framed the EBS, this 
section provides a revision of literature that specifically addresses the role of business in energy transition lock-
in. The literature revision is used here to describe how the fundamental actions and dynamics at a business 
system level extrapolate to the formation of a rigid energy system that stalls the low-carbon transition. This 
rigid complex system can be described in terms of a Techno-Institutional complex (Unruh, 2000) or simply as 
the sociotechnical energy regime (Elzen et al., 2002; Geels, 2012).  
Fundamentally, the main problem with energy system lock-in is that it manifests in a carbon emission 
trajectory that is hard to curb (see figure 1 of chapter 3 for a representation of the emission and energy system 
lock-in). Considering this, a way to compile and structure the energy system lock-in field is by reviewing: i) 
the co-evolutionary process involved in the formation of the locked-in energy complex; ii) the nature of the 
mutual dependencies giving the regime perpetual growth and resilience (i.e. strengthening lock-in); iii) the tools 
employed to resist change and; iv) other approaches that propose a critical source at the corporate level. Finally, 
a brief review of ideas for escaping lock-in is presented.  
The process involved in the formation of ‘carbon lock-in’ is explained by Unruh (2000) in terms of the 
construction of a ‘Techno-Institutional Complex’, which involves technological trajectories escalating into 
synergic mutual dependencies; first between a set of technologies and then within a technological system, later 
from a firm to an industrial level, and eventually co-evolve into dependencies with governing institutions. The 
resulting coalition of actors forms a hegemonic social structure that Levy and Newell (2002) describe as a 
‘historical bloc.’ The technological systems that later forms the Techno-Institutional Complex, evolve from an 
initial dominant design among competing technologies (Abernathy and Utterback, 1978). These designs 
improve with more attention and resources from engineers and firms, constantly outperforming themselves 
in the market, and eventually shifting the innovation focus away from new designs into further incremental 
improvements (Arthur, 1989). At a physical level, artefacts within the technological system can lock-in due to 
positive feedback of their trajectory. A clear example is the competition between DC and AC current between 
1887 and 1892 producing the lock-in of the AC current system, which affected the position of power plants, 
the nature of the transmission system, use of transformer technology, energy consuming artefacts etc. (Hughes, 
1993). 
Once a dominant design emerges, firms are the principal drivers for locking them into a specific technological 
trajectory (Arthur, 1996). Reinforcing processes at a firm level include: i) specialization, which incrementally 
develops the firms internal know-how (Dosi, 1982); ii) directed innovation, where firms keep focusing on the 
competencies of its existent technologies and away from others that would make them obsolete (Christensen, 
1997), iii) re-investments, from successful firms that use internal cash flows or retained earnings to keep 
funding technological stability, even at an infrastructural level (Henwood, 1997); and iii) capturing external 
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investments, where firms use the incremental returns of technology to attract support from financial 
institution that seek low-risk investments (Pérez, 2003). As technologies and firms increase in value, the entire 
industry and infrastructure in which they are inserted grows as well. At an industry level, interdependent 
relationships among firms accelerate even more the reinforcing processes that occur at a firm level.  
Eventually, firms and industry within a technological system such as energy give rise to professional 
associations, fostered by the internal social network of actors seeking similar interests (Granovetter, 1973). 
These non-commercial institutions, which include unions, industrial associations and chambers of commerce, 
apply multiple strategies to fulfil the collective interests of their members, which normally involve the 
consolidation of the technological system in which they operate (Unruh, 2000). Finally, the momentum 
produced by firms, industry and private institutions attracts the formal involvement of government. 
Government intervention into a particular technological system is perhaps the ultimate cause of a rigid lock-
in since their influence can override market conditions and produce, among other things, standards, 
regulations, subsidies, and even stable contracts and financing (North, 1990). As each actor or system level 
produces conditions of local lock-in, the final cluster at a macroeconomic scale becomes the Techno-
Institutional Complex, sociotechnical regime, or considering its timeline, a ‘historical bloc.’ The fundamental 
characteristic is that of synergic relationships and inertia, which from an adaptive cycle point of view, is 
diagnosed as a system in a late K-phase (Dangerman, 2013). 
Empirical analysis of the fossil fuel case study has made scholars address this particular regime with terms such 
as the Mineral-Energy Complex (Baker et al., 2014), describing power dynamics in the South African electricity 
sector; the ‘fossil fuel historical bloc’ governing at an Earth system level (Phelan et al., 2013); a ‘carbon capital’ 
with configuration at national levels (Urry, 2013); and the already mentioned term ‘carbon lock-in’ used by 
Unruh (2000) with support of the US electric power network dynamics. A more recent approach in defining 
this regime, takes a careful accounting of the historical production records of hydrocarbons at the business 
actor levels. By consolidating actors with over 8MtC/yr in productions, Heede (2014) defines as ‘carbon majors’ 
a selected group of 90 large oil, gas, coal and cement companies whose products are responsible for over 60% 
of global energy emissions. Their collective proven reserves alone, if burnt, can exceed by a 66% a 2ºC carbon 
budget (Heede and Oreskes, 2016).   
The perpetual growth and resilience that characterizes the fossil fuel hegemony (Baker, 2012) is explained by 
its internal positive feedback loops that strengthen its internal mutual dependencies. Unruh (2000) describes 
this as increasing returns to scale, occurring at the different subsystem levels. Figure 2.4a shows a simple 
illustration of the return to scale forming the Techno-Institutional-Complex of electrical power networks. 
Dangerman and Schellnhuber (2013) describe similar reinforcing feedbacks in terms of ‘Success to the 
Successful.’ The allocation of resources to a specific technology or party initiates a cycle providing increasing 
returns from improved performance and self-reinforcing expectations that bring about further success. This 
process becomes a powerful barrier to change, leaving out competing systems, parties or technologies suffering 
market disadvantage from losing the initial resource allocation (Braun, 2002). Figure 2.4b illustrates the 
concept of Success to the Successful among conventional and alternative energy technologies.  
The tools employed by the incumbent network of actors to resist change, form a barriers that low-carbon 
innovations must overcome for the transition to accelerate. Using the UK electrical sector as a case study, Geels 
(2014) illustrates the mutual dependency between state and firms, which firms collectively capitalize by 
applying diverse ‘corporate political strategies’ including direct lobbying, organized pressure and even 
litigation. Unruh (2000) stresses the fundamental role these strategies have in the carbon lock-in, since the 
network of professional associations represents large collective interests of the energy industry and its allies, 
which directly influence government. Government depends on industry for jobs, tax revenue and even 
campaign funding (Pfeffer, 1992). Once the state-industry lock-in is consolidated, a suite of new strategies are 
employed by this bloc to resist low-carbon innovations. These include: instrumental forms of power, such as 
regulations, laws and subsidies; discursive strategies, including the influence over media and collective control 
on the diagnostic, prognostic and motivational framing of the fossil fuel-climate change debate; material 
strategies, such as incentives to push the agenda of a particular technology favouring incumbent actors (e.g. 
carbon capture and storage); and other broader institutional forms of power (Geels, 2014). Oreskes (2011) 
specifically focuses on the tools used by lobbied scientists to divert perceptions in the scientific debate, 
effectively become ‘merchants of doubt.’ 
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Although these studies address the formation and nature of the lock-in, they hardly venture to establish a 
specific root source for its perpetuating regime. Perhaps the most daring insight comes from Dangerman and 
Schellnhuber (2013), which identify the limited shareholder liability in energy and finance corporations as 
being this potential source. Using a framework combining adaptive cycles in panarchy and modern corporate 
law, they argue that the absence of shareholder liability in firms blocks feedback from the environmental 
system (affected by climate change). This makes the conventional system less likely to adopt an alternative 
path. As opposed to the relationship between industry and government covered by Geels (2014), this approach 
gives greater importance to that of energy and finance. Shareholder power can exert higher influence on their 
corporate managers, seeking short-term profit maximization without being legally responsible for the 
“external” consequences (i.e. environmental damage). In turn, the financial and energy bloc strengthens, reaps 
immediate gains from the conventional energy system using all corporate strategies and cannot perceive the 
risks involved in their invested technological system. Figure 2.4c shows a panarchy depiction of this dynamic 
explained by Dangerman and Schellnhuber (2013). To some extent, this research proposal implies that it is the 
unrevised motivation behind the firm-level behaviour what sustains lock-in.   

Figure 2.4 | Perpetuation of lock-in in the energy system. a- Abstract diagram is shown on how ‘returns to 
scale’ produce a rigid techno-institutional complex (Adapted from Unruh (2000)) b- Feedback loops involved 
in the concept of ‘Success to the Successful’ (Adapted from Dangerman and Schellnhuber (2013)). c- Panarchy 
depiction of the various systems and their relationship, describing how the shareholder position in the 
conventional energy and finance system reduces ability to receive feedback from environmental system, 
resulting in the lack of adoption of an alternative low-carbon system (Adapted from Dangerman and 
Schellnhuber (2013)). 
 
From this review, the nature of the energy system lock-in could be summarized as large energy firms that, with 
little shareholder liability, invest to ensure relationships of mutual dependencies with other productive sectors 
and collectively turn their financial power into political leverage for regulatory benefits. Figure 2.5 presents a 
heuristic representation summarizing this section, showing how a BM at the firm-level is involved in 
perpetuating the sociotechnical regime lock-in.  Verbong and Geels (2010) consider a transition away from 
this lock-in could arise by a reconfiguration of the system, implementing large-scale renewables that still 
maintain the centralized nature and control. Unruh (2002) proposes only an exogenous force (non-regime) 
could destabilize the lock-in and be either technological or institutional but requiring a significant landscape 
pressure or shock. Dangerman and Schellnhuber (2013) suggest that a transition is possible if firms perceive 
feedback from the larger environmental system, which could be achieved by policymakers establishing 
unlimited liability to shareholders through changes in modern corporate law.  

a
speed

b c
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Figure 2.5 | Summary of lock-in literature in a MLP. Stylized meta-diagram representing a visual summary of the 
literature reviewed in this section, which will inform the analysis of later sections. It shows a MLP interpretation of a 
firm-level involvement in the Techno-Institutional Complex by incorporating an abstract energy revenue model and 
its shareholder position relative to its environmental impact. No formal modelling is intended with the illustration. It 
intends to exemplify the role of BM and corporate drive in perpetuating the sociotechnical regime by reducing ability 
to perceive environmental feedback. Own illustration using adaptations from Geels (2002) and Dangerman, 
Schellnhuber (2013) and combining findings from references cited in this section. 
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a b s t r a c t

At present, an energy transition consistent with achieving the goals set out by the Paris climate agree-
ment is not occurring, primarily due to lock-in dynamics at the societal and energy business complex
level. To contribute to discussions on how to unlock a major system transformation, we introduce here a
new framework that characterises the energy business as a system and traces its metabolism. Drawing
analogies with biology and using metabolic maps, we present a systems analysis across-scales; from the
Earth system down to the energy business purpose level. Our analysis shows energy directors and
managers face unfavourable conditions that inhibit radical business model decisions consistent with
safely achieving emission targets. One such condition is how the intensity of the Earth system feedback
signal is significantly reduced by the time it arrives at the corporate decision-making level, primarily due
to social information filters and corporate law. Secondly, the shareholder profit maximisation purpose of
companies is found to hold a systemic role in the energy business lock-in and may be incompatible with
avoiding dangerous climate change. To achieve an energy transformation that safeguards Earth system
resilience, our discussion suggests focusing on the intrinsic purpose and governance of the system,
arguing that relying on external economic adjustments alone, such as carbon pricing, may help but could
fall short of achieving the necessary shift. Fundamental Earth stewardship is needed from energy
business actors. Like with nationally determined contributions (i.e. INDCs), a bottom-up approach to
proposing contributions to climate-consistent business model pathways may facilitate the dialogue.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Solutions to prevent further damage of the Earth system due to
anthropogenic climate change have now very little room for failure.
To stay below a 1.5oC-2oC warming guardrail, global carbon emis-
sions must peak within the next three years and follow a steady
decline towards a zero emission state by mid-century (Figueres
et al., 2017; Rockstr€om et al., 2016). The required transformation
of the energy system is of unprecedented scale and speed (Rogelj
et al., 2015), and implies a radical shift of the established fossil
fuel business model.

It is well understood that transitioning thewhole energy system
to meet climate targets can represent a significant devaluation of
existing fossil fuel assets (IPCC, 2014). From the perspective of
firmly established corporations in what we characterise as the

energy business system (EBS1), this translates to an unprofitable
endeavour with remarkable managerial challenges. If maximizing
profits is a fundamental purpose of business systems, then do large
fossil-based firms have the legal, political, economic and cultural
capability to make the radical business model decisions required to
protect Earth system stability? If market-based policies such as
carbon pricing fail to produce profitability tipping points that
wholly shift investment schemes from fossil to non-fossil in the
required timeframe, is humanity to expect a self-imposed creative
destruction of the EBS? We explore these crucial questions in this
paper and provide answers considering a holistic perspective.

Analysing business systems involves considering the societal
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1 We introduce here the abbreviation EBS for the energy business system,
defined in page 5 as “the set of actors, processes, networks, established practices,
mindsets and norms involved in the business of delivering this energy to society.”
Other non-standard abbreviations used throughout this article include CAS, for
complex adaptive Systems; IOC, for investor owned company; and NOC, for na-
tionally owned company.
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institutions and interdependent agents such as the state, labour
and financial markets, as well as the dominant cultural beliefs and
norms on trust, property, law and ethics (Whitley, 1999). An even
more comprehensive framework of business systems can include a
lens of complexity science; understanding that business actors and
the aggregate social, technological and ecological elements add to
more than the sum of the parts, exhibit non-linear dynamics,
constant change and adaptation. Business systems, however, have
been significantly underrepresented in science and policy discus-
sions on how to achieve global climate targets. More importantly,
the global business of hydrocarbon-based energy lacks frameworks
to discuss their role in maintaining Earth system resilience (Bjørn
et al., 2017; Paul et al., 2017). In light of this gap, this paper has
two main goals. The primary one is to introduce a holistic frame-
work for the relationship between the EBS and the Earth system.
For this, we use a conceptual meta-diagram or map to illustrate the
most relevant elements and dynamics, scoping and characterising
the EBS in terms of its metabolism. This ‘EBS metabolism’ frame-
work uses a systems thinking approach and seeks to contribute to a
growing literature and exploration in the intersection of business
and transition theory. This intersection studies the role that busi-
ness models have in both affecting and being affected by wider
societal, technological and ecological systemic shifts, or socio-
technical and socioecological transitions for short (Bidmon and
Knab, 2018; Gruner and Power, 2017; Williams et al., 2017).

A second goal of the paper, is to use this conceptual framework
to discuss fundamental business changes needed to ensure long
term climate stability. We specifically focus on profit maximisation
and limited liability from a shareholder and manager perspective;
aspects that have been previously discussed in broad business and
managerial ethics literature, such as in Stout and Blair's (2017)
distinction of the dynamics in shareholder versus stakeholder
wealth maximisation, or in recent articles like Bower and Paine
(2017), which question the accountability of shareholders under
limited liability. In fact, the direct relationship between shareholder
primacy and higher carbon emissions was recently explored and
shown by Kock and Min (2016) ,2 who also argue that large inter-
national climate agreements are already influencing shifts in core
tenets of corporate law and business systems. Evenmore specific to
the EBS, Benjamin (2016) analyses how shareholder wealth max-
imisation inhibits emission curbing efforts of large energy corpo-
rations, exposing key tensions between proactive climate action
and fundamentals in the current corporate legal culture. We expect
these core sustainability questions of the EBS will be more pressing
as the window to achieve climate targets narrows.

Structurally, this paper builds a framework by presenting an
analysis tracing key feedback dynamics among and across sys-
temsdfrom the Earth system to the EBS. In other words, we look at
the group of nested systemsd systems inside larger systems. To
visualize nested systems, think, for example, in a single human cell
inside a tissue, inside an organ, inside the human body, all which
have respective degrees of complexity. This approachmight help us
understand properties that confer stability and adaptation at
different scales, and identify leverage points to enable trans-
formation (Meadows and Wright, 2008). In fact, considering both
biology and business are characterised by complex adaptive sys-
tems, biology has much to inform business on how to achieve
global stability, as presented by Reeves and Levin (Reeves and

Levin, 2017). More specifically, our framework draws particular
analogies with the processes of reinforcing and negative feedbacks
by which biological metabolisms have positively affected life-
supporting conditions in the Earth system. Furthermore, as a key
advance in our analysis, we consider the systemic role of business
purpose in corporate governance to sustain or shift what we frame
as the current metabolism of the EBS. Discussing purpose as a
governing element in business systems contributes to business
model transition theory, which historically focuses on usingmodels
to explain how companies make money under different contexts,
but rarely include shifts on why they make money in the first place
(Loorbach and Wijsman, 2013; Wainstein and Bumpus, 2016).

Section 2 lays down the larger and historical Earth system
context of climate change and the energy system, introducing
metabolisms as a key framework. This is followed by a revision and
discussion of lock-in studies in the EBS. Section 4 presents the
original framework of the EBS metabolism and accompanying map,
and the core analysis of relevant EBS feedback dynamics. Section 5
provides concluding remarks with suggestions to policymakers and
business actors.

2. Background & metabolic approach

This section aims to introduce and review the broader concepts
that are integrated in our metabolic approach. Since the paper's
approach looks at the relationship between the energy business
and Earth from the lens of nested complex systems, this section
starts by introducing why and howwe include such a broad system
like Earth into the equation. We follow this by laying down the
metabolic frame to industrial energy dynamics across system
scales. Finally, an important background to introduce for the paper
relates to theories of complex systems and its application to busi-
ness and the energy transition. However, because of the interdis-
ciplinary nature of this endeavour, we cannot cover a detailed
review of it in this section. We have thus defined here the main
terms and added more extensive descriptions in the Supplemen-
tary Material.

2.1. Earth's metabolic singularities and their nested complex
systems

Stable life-supporting conditions in the Earth system slowly
evolved thanks to biologic, atmospheric and geologic dynamics
(Lovelock and Watson, 1982). Photosynthesis, the metabolism that
evolved around 3 billion years ago, responsible for all atmospheric
oxygen andmost biochemical fixation of CO2, played a fundamental
role in this process (Lyons et al., 2014)(see Fig. 1a). Utilizing the
solar energy captured by photosynthesis, hydrocarbon combustion
evolved in the human energy system as an exogenous metabolism
di.e. occurring outside the human body, as opposed to respira-
tiond to power tools and provide fundamental services. But by re-
introducing the sequestered CO2 into the atmosphere, fossil fuel
combustion has been the major contributor to the disruption of the
long-held Earth system balance. These two metabolisms have
common properties to highlight. Understanding the dynamics in
their large-scale processes can provide insights on how to preserve
this balance.

While metabolisms are a set of life-sustaining chemical trans-
formations occurring in the cells of living organisms, the term has
been extended to describe the collection of processes involving
material transformations and energy flow in complex systems such
as cities, industries, or the overall material flow in human activities
(i.e. anthropogenic metabolism)(Ayres, 1989; Fischer-Kowalski and
Weisz, 1999). In its broader sense, metabolisms are useful to trace
relationships and interdependencies of nested systems and their

2 Kock and Min (2016) also provide a valuable background work when evaluating
corporate law and environmental governance. They review the ‘origins of law,’with
clear distinctions between countries with an Anglo-Saxon case-based ‘common
law’ dassociated with a higher focus on shareholder primacyd versus countries
that apply a code-based ‘civil law.’
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effects at different scales (de Molina Navarro and Toledo, 2014). For
example, in biological systems the metabolism occurs in each
specific cell deg. in a leafd but produces orchestrated effects in a
multi-cellular organism, on the overall population, and on in-
teractions of an entire community deg. in a forest.

Metabolic dynamics in nested systems are relevant to under-
stand how processes driven by living systems escalate, thanks to
feedback loops, into chemical changes on the whole Earth
ecosystem (Lenton and van Oijen, 2002). Particularly, here we refer
to a “metabolic singularity” when the emergence of a specific
metabolism exponentially and irreversibly changes the course of a
planet's physical and chemical propertiesdaffecting its biocapacity
and leaving a distinguishable trace in the geologic record.

In terms of increasing life-supporting conditions, the most
important metabolic singularity on Earth is, as introduced, the
evolution of photosynthesis. The rise of atmospheric oxygen
coupled with sequestration of CO2 affected the whole planet due to
positive feedback loops (Lyons et al., 2014; Shih, 2015). This means
the effects of life on the Earth system produce conditions for even
higher metabolic rates (Lovelock and Lovelock, 2000). A classic
example is how O2 facilitated the formation of an ozone layer,
blocking UV radiation, and allowing more life to emerge. Addi-
tionally, in at least two main oxidation stages, the present con-
centration of 21% atmospheric O2 was achieved and stabilized by
negative feedbacks, which slow down the activity, as well as

positive feedback loops that directly counteract with it. Examples of
these regulatory mechanisms include fires, methanogenesis and
large biogeochemical effects (Lenton and Watson, 2000).

Like photosynthesis, anthropogenic hydrocarbon combustion is
a metabolic singularity. Its impact on atmospheric chemistry
unfolded with radical speed, causing an unnatural alteration of the
climate system, and ushered in the Anthropocene as a new geologic
epoch (Steffen et al., 2007). Its accelerated rate has been due to
feedback loops, namely available energy for remarkable societal
development and economic growth. However, unlike oxygenic
photosynthesis, stabilizing feedbacks have not regulated the overall
rate of combustion to a sustainable level, in spite of negatively
affecting safe living conditions in the biosphere. From a systems
point of view, the combustion metabolism in the energy system is
characterised by being in a state of lock-in (Dangerman and
Schellnhuber, 2013). Lock-in, as a term, is used considering
different angles in the paper, from a pure mechanical process to a
non-linear systemic condition. Next section describes these further.
However, in simple words, it is the state of being stuck in a set of
processes that reinforce themselves.

Fig. 1 illustrates hydrocarbon combustion as a metabolic sin-
gularity in its historical context, and showing a state of lock-in from
three perspectives. In doing so, the figure also summarises the set
of quantitative data acting as general background of this work, and
a specific quantitative reference for the stylized framework shown

Fig. 1. Metabolic lock-in in the Earth and energy system. a) Evolution of present day levels of oxygen and CO2 in Earth's history, highlighting the role of living systems in specific
metabolic events: photosynthesis and hydrocarbon combustion. Photosynthetic relevance on O2 levels (light blue) relative to present atmospheric levels (PAL), adapted from Shih
(2015), Lenton (2016) and Lyons (2014). CO2 levels (green) and the geologic record of anthropogenic hydrocarbon combustion (red arrow) is shown through different timescales
where yellow bands show the subsequent timeframe, based on (from left to right) (Jansen et al., 2007), (Masson-Delmotte, 2013), (Lüthi et al., 2008) and (Meinshausen et al., 2017).
b) Energy system's CO2 emissions in the anthropocene and contrast between forecasted trajectories with 1.5 !C and 2 !C consistent scenarios and budgets. ‘Most likely’ emission
show an emission lock-in trajectory (purple and red), based on IEA (2016c) and BP Outlook (BP, 2016, 2017). 1.5 !C and 2 !C remaining budgets (green) are shown by area based on
modelled scenarios from Rogelj et al. (2015) and showing the extent of required negative emissions by the end of the century. c) Fossil percentage of total primary energy con-
sumption, adapted from De Sterck et al. (2014; Gruner and Power, 2017) and forecasted trajectories that infer a fossil fuel lock-in at an energy infrastructure level (BP, 2017).

M.E. Wainstein et al. / Journal of Cleaner Production 215 (2019) 854e869856



in Fig. 2. Fig. 1a shows the Earth system's atmospheric record
highlighting the O2 and CO2 concentration spikes produced by the
photosynthesis and combustion metabolic singularities. Fig. 1b
shows the historical CO2 emission trajectory from the energy sys-
temwith the forecast under ‘most likely’ scenarios to 2035 showing
trajectories to a well-over 2 !C warming (BP, 2017; IEA, 2016a).
Forecasts and scenarios can have biased assumptions, but still help
inform whether present efforts to curb emissions are on track to
meet a specific goal. In contrast to these forecasts, safe energy
system emission pathways consistent with 1.5 !C and 2 !C, require
dropping emissions to zero by around 2050 and reaching negative
emission levels by the end of the century. These safe emission caps
are used to determine what is understood as the remaining at-
mospheric carbon budget (Rogelj et al., 2016). Fig. 1c shows the
energy system lock-in manifested in terms of fossil percentage of
total primary energydforecasted to remain around 80e85% to
2035 (BP, 2016; De Stercke, 2014). Unless our present society can
identify, engage and overcome the key sources sustaining lock-in of
the energy system, humanity will have a slim chance of avoiding
catastrophic changes in the climate system.

2.2. A metabolic framework for combustion lock-in

Emission trajectory and primary energy composition, as shown
in Fig. 1b/c are ways to illustrate how lock-in of the fossil fuel
combustion metabolism manifests. However, a broader concept of
lock-in in nature and social systems implies a systemic rigidity that
reduces interaction with environmental signals to maintain inter-
nal conditions. A more advanced lock-in, or rigidity trap, represents
the inability to respond to dangerous or even fatal threats from its
environment (Carpenter and Brock, 2008; Scheffer and Westley,
2007). In economic terms, lock-in occurs when a technological
standard remains in a market even though an alternative has
significantly higher advantages (Arthur, 1989; David, 2001; Dosi,
1982). A more encompassing systems analysis of lock-in is there-
fore needed to understand its repercussions, identify and release its
sources. Here, again, biology and human systems have valuable
resemblance.

The dynamics involved in metabolic singularities dand the
lock-in that facilitate themd can be studied in terms of the

evolutionary behaviour of nested complex3 adaptive systems (CAS).
The multiple social and technological elements of the energy sys-
tem form a networkwith interactions atmultiple system scales that
can be considered a CAS (Bale et al., 2015; Smil, 2008). This means
the system exhibits self-organizing traits, is in a constant process of
adaptation and evolution with its environment, and its aggregate
non-linear behaviour is not determined by a random association of
factors nor the actions of its individual parts (Holland, 1992). In
other words, not only is the CAS total more than the sum of its parts,
it also changes by adapting to the environment thanks to dynamic
feedback. More importantly, because of the strong feedback effects
across scales, small local changes (eg. a new metabolism in a
microscopic cell) can cascade and transform the entire system (i.e.
the Earth's atmosphere) in a process called emergence. A similar
reaction can occur when a CAS falls into a lock-in (Arthur et al.,
1987): it becomes insensitive to environmental feedback and, in a
rigidity trap, can bring about deleterious consequences replicating
across systems.

The micro to macro effects in CAS follows from their nested
hierarchical property, meaning they are often themselves
composed of smaller CAS, and are in turn a component of a larger
CAS (Holling, 2001). Energy business actors are nested in the
broader energy system, which is nested in society, in turn a part of
the Earth system. The business-energyesociety-Earth link can be
framed as a relationship between a human and a natural CAS,
forming a large socioecological system. Large socioecological sys-
tems are characterised by stable states in space and time but can
cross critical thresholds, which prevent the system from returning
back to its previous stable state (Gunderson, 2000; Scheffer et al.,
2009; Walker et al., 2004). Particularly, a persistent lock-in from a
lower system scale can drive the whole socioecological system
across a critical threshold. The Amazonian rainforest is a quintes-
sential example of a large socio-ecological system approaching
such a critical tipping pointdwith declining carbon sinks that may
turn into sourcesd driven by reinforcing feedbacks and weak
negative feedbacks in the human-nature CAS nexus (Brienen et al.,
2015; Schellnhuber, 2009).

To prevent a local lock-in to have a macro effect on a socio-
ecological system, the lower CAS needs to undergo a release of its
resource, connectivity and resilience, transforming towards a new
stable state (Gunderson, 2001). Release of resource and connec-
tivity canmanifest in different ways depending on the nature of the
system. The essential transformation, however, is akin the process
of creative destruction described by Schumpeter (2013) for busi-
ness and the economy, and is part of what confers adaptability to a
CAS dwhether natural or humand in cycles of consolidation and
reconfiguration (Holling and Gunderson, 2002). Transformation
serves an adaptive function to the specific CAS that has fallen into
extreme consolidation, but also to the overall system (Folke et al.,

Fig. 2. Metabolic Singularities: Nested living complex systems with Earth system impact. Stylized conceptual illustration of combined natural ei.e. photosynthesis e and human
e i.e. combustion e metabolisms that have a direct effect on life-supporting conditions at an Earth system level. The figure shows the nested property of how the basic relevant
metabolic levels, characterised by complex adaptive systems, escalate to the global system level. Arrows with a positive and negative label represent positive and negative feedback
loops across system scales. Anthropogenic combustion has been a metabolic singularity that affected life-supporting conditions in under a century (see Fig. 1a as a quantitative
reference to this conceptual model).

3 Systems thinking (see for example: Meadows, 2008) is the main lens of analysis
used in this paper to understand and characterise complexity in the EBS.
Complexity is a core background theory to this work. A watch, for example, is a
complicated system; it holds an intricate set of processes but still all linear in their
cause and effect, allowing its behavior to be predicted with exactitude. Biological
organisms, on the other hand, can't be fully predicted in all processes since they
hold non-linear reactions to different inputs. Complex systems appear also in social
structures like economic markets.
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2010). For example, humans can fall sick from exposure to viruses
but, in the process, strengthen the immunity system. In forests,
small localized fires may seem destructive, but they help to both
release nutrients and create higher robustness to the whole forest
by preventing large-scale irreversible fires. In the energy business,
an example of resource and connectivity release can include the
forced division of Standard Oil, which allowed its resulting parts
and new entrants to compete and drive innovation in the sector.
Supplementary material SM1.1 further describes adaptive cycles of
CAS in the context of large socioecological transitions, and figure
SM1 represents how transformations or creative destructions in
lower scales can confer higher resilience to it higher ones.

We apply the understanding of nested CAS to the framing of
combustion in the energy system as a large-scale metabolic phe-
nomenon. Fig. 2 shows a stylized depiction of how the fossil fuel
combustion can be placed as ametabolic singularity along the same
linear chemical equation as the photosynthetic metabolism. They
both represent dominant dand antagonisticd chemical trans-
formations that affect physical properties of the Earth system's
atmosphere. Both can be deconstructed into three major nested
system levels according to different temporal and spatial scales.
Lower and higher levels refer to the relative system's size. The
business actor level is placed in the lower end of the combustion
metabolism. Reinforcing, counteracting and negative feedbacks
across these scales are represented with arrows of positive and
negative signs. This multi-level representation allows a framework
analysis borrowing from both a socioecological Panarchy
(Gunderson, 2001) and sociotechnical transitions.

Both social and technological, or sociotechnical for short, ele-
ments and dynamics are involved in the industrial energy complex
shown in the right side of Fig.1. Research on sociotechnical systems,
particularly from a multiple (nested) level perspective, has now
consolidated as a field to understand complex transitions to sus-
tainability (Geels, 2002). We include and consider this line of
research to our background framing of the energy system. Sup-
plementary material SM1.1 particularly describes further the
application of sociotechnical system research to energy system
lock-in. Specifically, to provide further context of sociotechnical
factors affecting the metabolic behaviour of the energy system, we
consider an exercise on system dynamics adapted from Dangerman
(2013). System dynamics is an area of research within systems
thinking that applies concrete methods to portray and model the
function of systems through positive feedback and negative feed-
back loops. Fig. 3 shows a causal-loop diagram explaining lock-in of
the conventional energy system relative to the alternative one
(non-fossil based), with both systems and Earth laid out in a multi-
level perspective.

The severe lock-in, or rigidity trap of the energy system, con-
tributes to the loss of resilience of the Earth system, the highest
system in which it resides, driving it towards a transformation
across stability thresholds. Positive feedback loops of the fossil-
based energy system outcompete an alternative energy system
that would counteract it, and negative feedbacks from a higher
scale are not effective at shifting this process (see Fig. 3b). One of
themain properties giving rise to this disconnect, is that nested CAS
are characterised by different relative speeds in the adaptive cycle
of higher systems and lower ones (Dangerman and Schellnhuber,
2013). With longer temporal cycles, larger systems act as stabiliz-
ing forces to lower systems (eg. law and policy influencing corpo-
rate/actor behaviour). Under a rigidity trap, the lower system
constantly outpaces the higher system, and builds resilience to its
feedback. This cross-scale rhythm mismatch builds tensions that
can drive a system towards collapse.

To dive deeper into sources of lock-in and identify leverage
points that can bring about transformation in the right system

scale, we focus on the EBS as a critical sublevel within the global
context.

3. Framing the energy business system

This section defines and characterises the EBS in the climate
challenge context. This exercise is a central component for the next
section, the main output of the paper which will integrate the
framing of section 2 and 3 into a consolidated conceptual frame-
work of the EBS metabolism and its map.

3.1. The global system for energy supply

Whilst the global energy system includes the whole set of
conversions from primary, secondary, final energy to ultimately
energy services for end users, the EBS can be understood as the set
of actors, processes, networks, established practices, mindsets and
norms involved in the business of delivering this energy to society.
Fig. 4d shows a diagram of the global energy supply chain, with the
EBS spaning from upstream to retail.

The EBS essentially represents the energy supply sector. Supply
forms an interdependent network with the end-use sector (i.e.
industry, transport, buildings, agriculture) sharing cultural, busi-
ness and consumption practices. Considering sources of emission
lock-in we place specific emphasis on the supply side4 for several
reasons. The EBS and its actors are: owners of assets with a higher
infrastructural inertia and longer-lived capital stock relative to
demand (Riahi et al., 2012); direct facilitators and administrators of
fossil fuels in the global energy economy dthrough exploration,
extraction, refining and distribution; responsible for both the
largest historic emission profile by sector and highest emission
increase in the last 16 years (Bruckner T., 2014); and channel well
over three times the amount of energy-related investment than
demand side components (IEA, 2016b)da ratio expected to further
increase by 2035 (IEA, 2014).

Moreover, the energy supply sector has a higher vested interest
in the type and quantity of energy delivered than the end-use
sector. In general, the end-use sector has remained agnostic to
energy sources as long as they hold technological compatibilities to
receive energy services. Finally, energy supply has been charac-
terised by firms that have focused on scale and efficiency to
maximise economies of scale, leading to the world's largest com-
panies that behave as highly complex self-renewing systems with
central administrative structures; all factors that make them
particularly susceptible to lock-in (Maula, 1999; Reeves and
Deimler, 2011).

3.2. Big business lock-in in the energy supply chain

Recent carbon accounting efforts have allowed to trace present
and historic energy emissions back to individual fossil fuel pro-
ducers. Almost 60% of historic global energy emissions can be
traced to production records of a set of 90 businesses5 (Heede,
2014). These oil, gas and coal businesses, known also as ‘carbon
majors’ (Starr, 2016), can be divided into three distinct groups:
investor-owned companies (IOCs), nationally owned companies
(NOCs) and nation states (see Fig. 4a). IOCs are the group of

4 To clarify, we don't find end-use sector dynamics negligible in terms of lock-in,
we acknowledge their role in producing inertia in the supply chain (Rocco et al.,
2018), but given the analysis presented, we consider the supply-sector more rele-
vant for leverage points on system intervention.

5 Majors vs. non-majors are divided by a threshold of >8 million tonnes carbon
per year (MtC/yr) for fossil fuel production (Heede, 2014).
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businesses with the most recognised global brands behind the
energy business, which include examples such as Exxon, Chevron,
Shell and British Petroleum. All major IOCs trade publicly in their
respective stock exchanges. NOCs are incorporated businesses
where over 50% of shares are owned by a nation state. These
include publicly traded examples such as Russia's Gazprom, as well

as those that are closely held such as Saudi Aramco. Finally, a small
group of Nation states directly run the business of supplying energy
without using incorporated organizations. The most outstanding
example of an emission-intensive Nation state business is China.
Fig. 4a shows the composition of carbon majors in terms of his-
torical and recent traced emissions, organizational and legal

Fig. 3. System dynamics in conventional energy lock-in. Causal loop diagram (CLD) from a ‘multi-level perspective’ (MLP) on sociotechnical systems and ‘Success to the Suc-
cessful’ archetype. a) Critical systems that affect the competitive performance of the conventional vs. the alternative energy system are depicted in a CLD of system dynamic
modeling, where (þ) signs represent a positive feedback and (#) represent a negative one. This simplified CLD is adapted from Dangerman (2013) by organizing the systems along
the y-axis of ‘increasing structuration in local practice’ used in the MLP of sociotechnical system theory (Geels and Kemp, 2006), which produces a distinction between a socio-
technical landscape (i.e. most structured and hardest to change), a regime (i.e. a stable state of societal and technological elements giving perpetuity to technological trajectory) and
a niche (i.e. protected pockets where experimentation and innovation occurs). b) ‘Success to the Successful’ archetype by which the conventional outcompetes and locks-out its
alternative energy system (Dangerman and Schellnhuber, 2013), placed in a MLP arrangement.

Fig. 4. Big Business in the energy supply chain. a) 2010 and historic emissions traced to a set of 90 carbon majors denergy businesses with productions over 8MtC/y (Heede,
2014). b) Comparison of 2010 emission allocations by country, business and sector groups. Carbon majors-traced emission account for over 60% of global levels, above those
traced to the set of annex 1 countries, but whose sector's direct emissions represent 30%. Adapted from Heede (2014), Heede and Oreskes (2016) and Gütschow et al. (2016). c)
Carbon majors proven reserves available for market use exceed a 66% chance to a 2 !C budget. d) Representation of the EBS scope in the global energy supply chain, shown using
relative stocks (i.e. two variables presented relative to each other), sankey flows and atmospheric externalities. Simplified by fossil fuel and non-fossil sources. Constructed using
data from (Bruckner et al., 2014; De Stercke, 2014; GEA, 2012; IEA, 2016c).
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classifications.
There are at least three features of EBS lock-in that are evident

when analysing its largest business actors. First, carbon majors
collectively hold 440 GtC proven reserves (Heede and Oreskes,
2016; McGlade and Ekins, 2015). Their overarching business
model, particularly those based on oil and gas, shows robust
competitive and profitable forecasts as the ‘bedrock’ of the energy
system (IEA, 2016c). This means that a business model lock-in adds
inertia to a trajectory with potential to burn carbon quantities that
would overshoot the current remaining 2oC-consistent carbon
budget of 275 GtC by 60% (see Fig. 4c). In light of a 1.5 !C tran-
sition timeframe, a shift from coal to gas as a transition fuel, or
incorporating renewable subsidiaries with minor presence in
portfolios is not considered here as a core business model shift.
Second, maintaining the core business model sustains investment
lock-in to further increase proven fossil fuel reserves. Global up-
stream capital spendingdi.e. fossil fuel exploration and
productiond had a historic peak in 2014 of around U$S700
billion/year (Barclays, 2013). Spending was reduced in subsequent
years due to falling commodity prices but is expected to reach a
resilient 6% rebound in 2017 (OGJ, 2017). Third, both upstream
and downstream assets of carbon major's supply chain, hold
infrastructural lock-in. Existing sunk costs make a shift of the in-
dustrial landscape a highly unprofitable endeavour, and breaking-
even these sunk cost assets commits future emissions d a
concept more often termed as carbon lock-in, to which coal and
liquified natural gas (LNG) assets are specifically susceptible
(Christoph et al., 2015; Peter Erickson et al., 2015). An extension to
infrastructure or technological lock-in can include the fact that the
feasibility of a zero-emission or 100% renewable energy system
with present technology is a contested topic (see Jacobson et al.,
2017). Through either perception or real technological limitation
of current renewables,6 this allows fossil fuels (eg. gas) to be
considered in the energy mix well passed 2050. An example of
this is the role of gas in the 450 scenario of the IEA outlook (IEA,
2016c).

Business model, investment and infrastructure lock-in of the
largest EBS actors alone directly contributes to the present inertia of
emissions that can consume the Earth system carbon budget of
1.5oC-2oC warming before mid-century (IEA and IRENA, 2017;
Rogelj et al., 2016). It is reasonable to expect that as global mean
temperature rises, society's energy business dichotomy will be
further intensified.

Multiple studies and business narratives have emerged to stress
the business case for an integral transition to renewables (Risky
Business, 2016), appealing to the standard business thinking and
pointing to the growing extent of grid-parities that apply to new
investments in several markets (Vishal Shah, 2015). Decarbon-
isation of the electricity system is well under way and examples
from European countries showcase how policy can accelerate
business conditions to mobilise a transition towards renewables.
However, whilst in recent years there has been a notable invest-
ment change, it applies also primarily to the electricity sector and
falls substantially short of a track towards climate targets (Bumpus
and Comello, 2017). Furthermore, even with the right signals, lock-
in also represents the unfavourable systemic conditions to change
incumbent's mindsets (Scheffer et al., 2003).

3.3. A rigidity trap in the energy business: the need for
transformation

The EBS, like its broader energy system, is in a rigidity trap
(Dangerman, 2013). Whilst private actors have significantly mobi-
lized in support of renewable energies, carbon major's business
models still hold high resilience. As described in the previous sec-
tion, high resilience prevents a release and reconfiguration in the
adaptive cycle; a crucial process to avoid critical thresholds in the
socioecological system (Carpenter and Brock, 2008). When firms
face periods of uncertainty, they often focus on efficiency in their
specialization. This, however, can directly strengthen the lock-in
trap, since it removes diversity and redundancy and makes the
system more prone to myopia of time by reducing the ability to
foresee long term scenarios (Levinthal and March 1993; Scheffer
and Westley, 2007).

In the past, societal collapses have occurred due to an extended
period of rigidity trap, involving a complex civilization with a se-
vere resource mismanagement that fails to overcome a major
threat due to its inability to mobilise both its physical and, partic-
ularly, its mental structures to new mindsets and worldviews
(Diamond, 2006; Janssen et al., 2003). Additionally, actions and
regulations that could have avoided them are significantly delayed
when disproportionately powerful stakeholders benefit from the
unregulated status quo (Scheffer et al., 2003). This is particularly
the case of the EBS (Aghion et al., 2014; Geels, 2014; Oreskes and
Conway, 2011).

Despite overwhelming scientific evidence of the Earth system
approaching dangerous critical thresholds, and the agreements set
in Paris, the rigidity trap preventing a radical and swift trans-
formation of the energy system either appears to be too hard to
escape, or forecasted to unlock itself only partially. The 2016, 2015
British Petroleum (BP) Outlook to 2035 illustrates this scenario
openly, calculating similar trajectories as the IEA New Policy Sce-
nario and the IPCC baseline scenario (BP, 2017). Even with carbon
prices rising to $60/t and factoring in expected carbon regulations,
the energy giant considers its business model will be safeguarded.
Based on their ‘most likely’ projections, the industry's forecast will
undergo changes in their energy mix, namely with a higher pres-
ence of natural gas, but still supply an increasing demand with over
80% fossil resources beyond 2035 (BP, 2016; ExxonMobil, 2017).
These scenarios forecast a failure to meet the Paris agreement
(Muttit, 2017).

So far, a mainstream stance of the major players of the fossil fuel
industry is that, in order to meet climate targets, clear political
regulations and a predictable internationally harmonized carbon
price is needed (UNFCCC, 2015b). This is also the case suggested by
classical economic theory (Goulder and Parry, 2008; Stern, 2007).
Such interventions are highly valuable but, as we will argue, they
may be insufficient to bring about a transformative outcome with
the extent and speed required. Market-based regulations alone can
reconfigure a mechanistic business system with low complexity,
but today's large corporations, particularly those in the EBS, are
complex and adaptive; they require a more holistic analysis for
solution pathways (Reeves et al., 2017).

3.4. Market based policies alone may not achieve EBS
transformation

Ongoing global mitigation efforts need to be evaluated for their
effectiveness in intervening and releasing the EBS lock-in, trans-
forming the world's largest industrial complex into one without
contributions to loss of resilience in the Earth system. Additionally,
given the direct relationship between the EBS and the Earth system,
preventing dangerous lock-in from arising in the future calls for

6 A reasonable clarification is that the lock-in and EBS tensions that this paper
highlights, could be significantly reduced in the case of the discovery or develop-
ment of a disruptive zero-carbon and low-cost technology that requires little or no
retrofit of current infrastructure (i.e. a hypothetical case).
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careful revisions in the system's properties.
Current policy options are varied (Somanathan et al., 2014).

Direct legal regulations include environmental and technological
standards that aim to improve end-use efficiency, which are
considered enabling and complementary policies but not trans-
formative (Croucher, 2011; Sorrell, 2007). The Paris agreement is an
international legal framework but does not present any deliberate
interventions for the energy system. At present, the most wide-
spread evaluated interventions lie within the realm of market
economics (Stern, 2007). The main objective of these market-based
mechanisms is to make renewables more profitable and carbon-
based energy unprofitable for business and investors. The list of
policy prescriptions to achieve this includes: pricing carbon as a
global tax, establishing trading schemes, the removal of fossil fuel
subsidies and allocation of subsidies to cleaner energy production
that can be framed as ‘green growth’. Mitigation policies that
indirectly influence these economic or market conditions include
awareness raising (eg. of customers) through information pro-
grams, or direct governmental provision of services to foster clean
energy, which can include examples from funding research pro-
grams to strengthening public transport (Krarup and Russell, 2005).

The policy instruments mentioned above, can contribute to the
transition of the EBS. In fact, thanks to the political and regulatory
system, several policies already in place in selected countries have
contributed to major changes such as emission controls, and the
steady rise of wind and solar developments, making them cheaper
and more profitable than some fossil fuels in new projects (Pegels
and Lütkenhorst, 2014). There are hardly any negative effects
associated with implementing or fostering these sets of policies.
But we point here to the risks associated with over valuing their
capacity for triggering the necessary system transformation. Car-
bon pricing in particular, currently the most evaluated policy for
shifting energy market conditions, represents a powerful signal for
internalizing environmental and social costs in the EBS, and holds
multiple national motivations to do so (Edenhofer et al., 2015).
However, in our conceptual framework it should not be lauded as a
‘silverbullet’ for system reconfiguration and should be contem-
plated only in combination with more comprehensive measures
(Grubb, 2014). In fact, even if regulators focus on carbon pricing
along with the other instruments mentioned above, forming a
complementary set, the risk of not achieving a deliberate trans-
formation of the EBS and overshooting climate targets will remain
high.

Most notably, these instruments are still not widely and
effectively deployed even after several decades of climate science
(Giddens, 2009), which has maintained the landscape for carbon
majors to retain a resilient market inertia. Our approach considers
that an important question to ask is not whether a set of policies
can be effective for EBS intervention and reconfiguration, but on
whether society can first overcome the forces preventing them
from being implemented in the first place. In other words,
research and policy needs to ensure that it is tackling the root
cause of a problem and not its symptoms. For example, it is un-
derstood that rent-seeking influences of business actors can lead
to policy failures given they lobby for policies that favour their
own self-interest (Helm, 2010; Olson, 1971). Yet, while this factor
may account for a fraction of the lack of ambitious policies, other
factors are associated to deeper lock-in dynamics (Beddoe et al.,
2009).

Besides business model, investment and infrastructure lock-in, a
complex system like the EBS is susceptible to multiple technolog-
ical, political, cultural and psychological lock-in (Scheffer and
Westley, 2007; Sydow et al., 2009). The view presented in this
work argues that neither the EBS lock-in sources are unidimen-
sional de.g. from private interest lobbying or infrastructural sunk

costsd nor solutions and interventions should be unidimensional
deg. carbon prices and subsidy reforms. However, it grounds on
the “simplicity” behind complex systems, where no matter the
level of entanglement a systemmay have, its behaviour is governed
by a critical set of processes (Folke et al., 2010).

A major challenge remains even after identifying root processes
in system lock-in. In heuristic terms, this can be framed as the
notion that it is preferable “not to tackle a problem with the same
kind of mindset that initiates it” (A. Einstein). Complexity demands
innovative approaches when analysing system interventions. In an
age where quantitative thinking is so prevalent, the words of sys-
tems thinker Donella Meadows might resound to explain some of
these underlying challenges: intervening in a system using nu-
merical benchmarks alone (i.e. prices, interest rates, subsidies) is
like ‘re-arranging the deck chairs in the Titanic.’ In system dy-
namics, numbers can be considered the least effective way for
radically shifting a system's trajectory (Meadows, 1999).

To contribute an original framework that can give a whole sys-
tem perspective, we construct a ‘metabolic map.’ The map follows
from the analysis of the EBS as holding a critical role in the context
of the combustion metabolic singularity. The motivation for it is to
help consolidate and trace the different dynamics at play among
and across scales, showing what the system lock-in looks like.
Continuing our framework, the metabolic map builds on and ex-
tends approaches based on system dynamics in the energy business
and corporate law (Dangerman and Schellnhuber, 2013;
Dangerman, 2013), Panarchy (Gunderson, 2001), leverage points
for system intervention (Meadows and Wright, 2008), and general
notions of ecological economics (Arrow et al., 1995). A key advance
of the EBS metabolism is that it explores the role of purpose in its
corporate governance and the overall system behaviour.

4. The energy business metabolism: map and regulation

4.1. Mapping the energy business metabolism

We combine the EBS complex system dynamics with the
metabolic concept by depicting the stocks and flows of carbon,
energy, and financial capital, whilst representing an environmental
feedback mechanism acting as a regulatory system. We also illus-
trate the position of the system's purpose.7 We expect that un-
derstanding the dynamics in this metabolic map will provide
clarity of where the systemic interventions can be made to prevent
perpetuation of Earth system damage.

Fig. 5 shows our stylized depiction of the EBS metabolism. It
represents the result of our thought process and can be used as a
navigational tool for the structure of analysis that follows in sec-
tions 4.1 through 4.4. A more detailed description of how and what
each element represents as well as the methodology used to
construct it, particularly in relation to stock and flow of financial
capital, can be found in Appendix B and SM2. Abduction is used to
manage the consolidation of multiple frameworks, disciplines,
components and dynamics evaluated.

The general overview of Fig. 5 is a birds-eye representation of
the right side of Fig. 2 and shows a positive feedback loop between
outflow-inflow of financial capital linked to the transformation of
carbon sources to CO2, and its environmental signal returning back
to the EBS. Using this metabolic map as a basis, we analyse three

7 We recall an important clarification on language made by Meadows and Wright
(2008): “The word function is generally used for a nonhuman system, the word
purpose for a human one, but the distinction is not absolute, since so many systems
have both human and nonhuman elements.”
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governing dynamics of complex systems.8 First, positive feedbacks,
since they reinforce a specific trajectory and behaviour, which
applied to the EBS context are dynamics of increasing business
returns. Second, the environmental feedback mechanism, which in-
cludes stabilizing effects from negative feedbacks as well as those
that prompt systemic shifts by improving conditions for competing
feedback loops (eg. a low carbon EBS). And finally, the system driver
or goal, which acts as an internal regulator of behaviour and

direction, and is framed as the business purpose. These are therefore
critical areas to analyse intervention for lock-in release and system
transformation.

4.2. Positive feedbacks: increasing business returns

Positive feedbacks are represented in Fig. 5a by the stocks and
flows of financial capital, with inflows and outflows as causal loops
collectively affecting the flow of carbon in the energy supply chain.
Positive feedbacks are a common approach to explain lock-in and
path dependency of business systems in general, and for specific
properties of the EBS (Aghion et al., 2014; Arthur, 1989; Dangerman
and Schellnhuber, 2013). The business system employs its revenue
for its basic operating expenses (i.e. including cost of goods sold),
keeping the system running (akin the catabolic process in biological

Fig. 5. The Energy Business Metabolism. Illustration of the energy business system in the form of stock and flow of carbon, energy and financial capital, the system's purpose or
internal drive influencing behavior and trajectory, and the process of reception of environmental signals resulting from side effects in its activity (see Appendix and Supplementary
material sections for further explanation of the method and logic of the diagram). a) The diagram represents a bird's eye view of the aggregate combustion metabolism shown in
Fig. 2, with specific of depiction dynamics across nested system scales. For a more detailed depiction and description of this metabolic construct, see Appendix 1. b) A zoom-in
stylized representation of the environmental feedback mechanism (red arrow) for anthropogenic climate change. The Earth system signal pathway travels across general socie-
tal systems into the decision-making process of directors and shareholders, which governs the trajectory of the business system. The crossing of multiple system boundaries is also
represented here as filters that qualitatively decrease the signals' strength and fidelity. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

8 This analysis is based on a thorough review of the literature, both directly
related to the energy and climate sector, or indirectly related but relevant to the
dominant business systems paradigm present in the EBS. We focus predominantly
on corporate law and management literature, but recognize as limitation that this
might not be exhaustive; unidentified and relevant bodies of literature from the
business and management sector could be still be considered in this analysis.
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systems), and also re-invests in its own growth and security within
its environment (akin the anabolic process in biological systems).
Positive feedbacks exist with outflow to specific societal systems
given they regulate business conditions that stimulate corporate
revenue. Namely, we highlight the political and financial systems,
and the end-use sector. A focus on system efficiency (i.e. maxi-
mizing output with least input) intensifies these loops, producing
reinforcing effects to its current trajectory. For example, the IT
revolution was instrumental in maximizing efficiency and
increasing reserves for the EBS (Arthur, 1996; Dangerman and
Schellnhuber, 2013). We summarize below the feedback dy-
namics with these three groups:

a. Financial capital flows from the EBS to the Political system in the
form of taxes and lobbying. These have a positive feedback on
the backflow, which occurs in the form of subsidies. Subsidies
increase competitive advantage over the alternative energy
system through dynamics of ‘Success to the Successful’ (Fig. 3b).
Fossil fuel subsidies directly enable EBS investments that can
overshoot a 2 !C carbon budget (Erickson et al., 2017). Higher
outflows to the political system can affect culture and values
through economic development and improve organization
legitimacy (Tang and Koveos, 2008). Regulatory conditions
(legal system) that have a positive effect on revenue flow are
also increased by this dynamic since they are controlled by the
political system. Lobbying, contributes to allocation of subsidies,
but also to the loss of adaptability by maintaining the status quo
of legal conditions, resisting any regulatory changes that might
affect inflows, outflow or competitive advantages negatively
(Danielsen, 2005; Helm, 2010). This form of outflow and orga-
nizational power, particularly high in the EBS, whilst allowing
firms to design their environment for their own benefit, reduces
the capacity to sense other changes in their environment
(Levinthal and March 1993). This form of myopia distorts sus-
ceptibility and hence limits the effectiveness and fidelity of the
environmental feedback mechanism (i.e. second boundary layer
of Fig. 5b).

b. The relationship between the energy business and the Financial
system can be characterised by a steady strategic partnership
(Boyd, 2014; Mintz and Schwartz, 1983; Perez, 2003). The
behaviour and function of firms in modern industrial societies
evolved closely with those of the financial system and the
contract reforms used to raise funds in capital markets
(Greenwald and Stiglitz, 1992). Stable profits from the conven-
tional energy system encourage investments from the financial
sector. An increase in available capital helps fund the capital-
intensive energy infrastructure, which facilitates lock-in at the
techno-infrastructural level. Demands for short-term profit
from financial investors affects the decision making process of
directors (Crotty, 2003) (see Fig. 3a). However, unlike other in-
dustrial sectors, the EBS is particularly characterised by internal
financing through retained earnings given the economic size of
its carbon majors dspecially in IOCs, allowing them to have
higher degrees of independence from the financial system (GEA,
2012; IEA, 2014).

c. Specific marketing practices affect the consuming behaviour of
the End-use sector. These include any influence to customers
incentivizing higher rates of consumption, raising the profile of
the individual business, the products and services produced,
and the minimization of the severity of side effects caused by
product consumption. Marketing (business-to-business (B2B)
and business-to-customer (B2C)) is employed to sustain energy
demand, which has a direct effect on maintaining sales inflows.
Documented examples include strategic B2B cooperation be-
tween the EBS and other business actors of the transport sector

(Mintz and Schwartz, 1981; Wilson, 1975). The sponsoring of
climate scepticism and lack of transparent communication of
climate impacts performed by fossil-based firms is included in
this form of marketing (Oreskes and Conway, 2011; Supran and
Oreskes, 2017). Both of these re-investments (i.e. B2B and B2C)
have a direct positive influence on gross profits and mainte-
nance of organizational legitimacy towards society (Dowling
and Pfeffer, 1975).

4.3. Negative feedbacks: environmental feedback mechanism

Dangerous anthropogenic global warming is detected by the
scientific (eg. IPCC) or Earthmonitoring system, triggering feedback
signals that can be divided into two types of channels: a formal or
state-level channel, and an informal non-state broader public one.
The state level holds more bureaucratic chains of commands and
communication with eventual legislative repercussions. The non-
state one holds looser constraints through multiple communica-
tion venues (e.g. NGOs, social media etc.). These essentially repre-
sent two general types of formal and informal pressures a business
system receives. For the EBS, the main signal received can be
translated as ‘dangerous climate change is produced as a side-effect
of the combustion of your product,’ and it is a negative feedback
because it implies stopping or reducing the intensity of a specific
system behaviour. Our interpretation, as described below, shows
that by the time the feedback arrives to the decision-making level
of the EBS, however, its intensity is significantly reduced in a pro-
cess that first crosses the boundary between the environmental
and societal systems, and then by that between the business and its
outer societal systems (Rosen-Zvi, 2011).

In a biological system, external signals are received in the sys-
tem's boundary (e.g. cellular membrane), interpreted and trans-
lated for internal compensations to maintain homeostasis and
adaptability to environmental changes. Likewise, we depict the
Earth, societal and EBS boundaries as metaphors for layers where
legal and other regulatory systems operate, shown in further detail
in Fig. 5b, and described below.

4.3.1. First boundary layer: earth to societal system
This boundary layer has its membrane-like function executed

both by the scientific system and geopolitical regulations. The sci-
entific system is responsible for quantifying emissions and the
extent of climate impact, and communicating appropriate signals to
societal levels for proper actions. In the state-level channel, orga-
nizations like the UNFCCC act as intermediaries between the sci-
entific system and the geopolitical system that can subsequently
produce formal regulations in the national or international eco-
nomic system. In non-state channels, organizations such as inde-
pendent NGO's, civil society groups and broader media accelerate
communications and awareness to the wider society. Although the
scientific system is successful in developing and transmitting
environmental signals (e.g. through IPCC reports), these are not
promptly assimilated with high fidelity by the geopolitical nor the
economic system dconsidering for example slow processes of
UNFCCC and national policies on political economy (Bushell et al.,
2015; Roberts and Parks, 2006). Multiple sociological dynamics
(eg. psychology, techno-economic inconvenience, misinformation,
etc.) are also involved in the slow and heterogeneous response of
energy customers to the scientific signal (Giddens, 2009).

4.3.2. Second boundary layer: societal to energy business system
The second boundary layer lies between the collection of societal

systems and the EBS. Here, the regulatorymembrane is executed by
the market system and the corporate legal system, which function
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as recipients and translators of the signal on verified environmental
impacts of greenhouse gas emissions to the EBS.

a. Market system. Here the system specifically embodies energy,
environmental and carbon market dynamics. It provides feed-
back to the EBS through official market regulations via the state
channel, such as technological or emission standards, taxation
of carbon, emission trading schemes, and any other taxation or
subsidy allocation policy. Non-state market signals that belong
to this boundary are normal supply-demand and pricing forces,
as well as deliberate changes in customer practices due to
increased environmental awareness, such as ethical consump-
tion and investment practices.The degree market by which
signals and regulations have impacted the EBS with respect to
global warming is varied and disputed. Efficiency standards,
perhaps the more ubiquitous official approach, have had suc-
cessful experiences but also produced rebound effects (Sorrell,
2007). Emission trading schemes have had similar ambiguous
results, although tested in a more reduced set of countries and
jurisdictions than environmental standards (Betz and Sato,
2006; Helm, 2010). Carbon pricing, on the other hand, has
been one of the least applied policies, also with mixed results in
early experiences (Aldy and Stavins, 2012). However, it has
attracted increasing attention and political traction thanks to
multiple reports by leading economists, which in itself can be
considered a form of feedback to the EBS. This informal pressure
perhaps influenced some of its large actors to incorporate so
called “shadow” carbon prices in their internal operations (CPLC,
2017). While some state policies have had some successful
negative feedback regulations to the EBS, stabilizing and even
reducing of fossil-based sources in supply chains, (eg. Germany's
Energiewende (Jacobsson and Lauber, 2006)), these are still
associated to specific niches and hardly to a transforming effect
in the global EBS regime. Supply and demand macroeconomic
effects on energy prices have responded to general market dy-
namics rather than to deliberate climate change signals
(Hamilton, 2011; Krichene, 2002). Customer preferences, whilst
progressively responding to environmental concerns do not
seem to pose a radical feedback on the EBS towards climate
target consistent projections (IEA, 2016c). Consumer disclosure
laws that require vivid communication of a product's side-effect
to customers at the point of sale, are not developed nor enforced
for products sold by the EBS that contribute to the greenhouse
effect. By using a comprehensible format to explain the exter-
nalities associated with fuel consumption, analogous to tobacco
disclosure laws, such interventionwould act as a deflector of the
environmental signal to the EBS, pushing the liability back to
customers. This would reduce imperfections from asymmetries
of information flow by allowing amore informed and constantly
reminded customer; shifting market demand behaviour (Cohen
and Viscusi, 2012; Loewenstein et al., 2014).

b. Corporate Law. This represents the closest regulatory mem-
brane to the EBS, forming the boundary of incorporated orga-
nizations, and focuses specifically on shareholder's liabilities
and director's fiduciary duties with regard to environmental
feedback from global warming. In light of environmental im-
pacts as side effects of its products, duties and liabilities affect
the decision-making process in evaluating radical business
model reconfigurations to prevent them. However, analysing
the role of corporate law requires clear distinction between the
three main types of actors within the EBS: IOCs, NOCs and
nation states. In terms of shareholder liabilities, IOCs and NOCs
alike have limited exposure of personal assets to any grievance,
which acts as an attenuator of the environmental feedback
mechanism (Dangerman and Schellnhuber, 2013). NOCs,

however, have the added symbolic difference that a nation state
is a majority shareholder. Nation states conducting the energy
business without the construct of incorporated entities, such as
China, do not fall within corporate legal duties and liabilities but
are subject to international law and principles embodied in the
United Nations. In all three cases, shareholders personally face
mild consequences, if any at all, on any form of wrong from lack
of appropriate climate action (Wallace, 2008). In other words,
shareholders are unlikely to be sued because their companies
did not perform appropriate actions to prevent climate change.
Benjamin (2016) particularly argues that this legal context is
what allows carbonmajors to cite concern about climate change
but not make dramatic efforts to reduce their associated emis-
sions. Furthermore, the concept of ‘appropriate climate action’
can have a high degree of legal and technical ambiguity on
business actors.In terms of director's fiduciary duties, publicly
traded IOCs and NOCs in an Anglo-Saxon context must follow
securities laws that requires disclosure of all environmental
information that can have a ‘reasonably likely material effect on
the company’, while those that are closely held have no pre-
scribed public disclosure requirement (Wallace, 2009). In gen-
eral, for all IOCs and NOCs, the broader legal concept of director's
duties is to act in good faith and apply the best business
judgement. Neither securities law nor the ‘best business
judgement’ rules have, so far, established a clear legal basis for
litigation to the EBS based on climate change inaction (Wallace,
2008). Ongoing litigations relate to companies knowingly
creating climate change uncertainty in the public (McWilliams,
2017). We can infer from this that the corporate legal regulatory
system does not impose limitations here, let alone be conducive
to trigger the radical business system reconfigurations needed
to prevent net costs on society and the Earth system. Further-
more, any enforcement or experimentation at a local level is
ultimately susceptible to jurisdictional leakage from the broader
challenge of global EBS regulation: the lack of an international
regulatory body (Stiglitz, 2007).

4.4. System driver: business purpose

The environmental feedback mechanism described above rep-
resents a regulatory system external to the EBS that governs the
fidelity, intensity and enforceability of how the Earth's feedback
signals are perceived. The business purpose, on the other hand,
represents an internal regulatory system that governs the rate and
direction of business actions (i.e. its metabolic activity) based on
positive and negative feedbacks evaluated internally. Purpose is
framed here as the EBS's behavioural driver or system goal,
essentially the internal motivator for action and existence. Business
purpose, as a systemic concept, encompasses both corporate law, in
statutes and legal forms of governance, but also in general social
norms and business culture, with both elements being interde-
pendent (Fisch, 2005). We thus structure our analysis considering
these two dimensions.

4.4.1. Shareholder's legal primacy?
A commonly held belief is that the purpose of business is the

maximisation of profit and catering to the best interest of the
company and shareholders. The liabilities and duties of managers
and directors are thus thought to be governed by this canon. A
system analysis requires evaluating the degree of influence that
shareholder's profit primacy, both from a corporate legal and a
cultural lens, has on the EBS decision-making process in the context
of undisputed climate change. In other words, to what extent can
EBS managers and directors make radical stakeholder consider-
ations, executing transformative business model decisions that

M.E. Wainstein et al. / Journal of Cleaner Production 215 (2019) 854e869864



may have adverse repercussions on short-term profit scenarios d
e.g. from stranded assets and first mover's disadvantage (Jotzo and
Mazouz, 2015; Kolk and Levy, 2001)? In a decision-making process
regarding the core business model strategy, is the shareholder
profit paradigm a stronger weight than consistency with Earth
system resilience? Or is the EBS governance reality more ambig-
uous than what this straightforward scenario presents? If we
consider the present emission trajectory and forecasts of the EBS,
these questions should become increasingly critical since curbing
emissions to meet an ambitious 1.5 !C target implies radical and
unprecedented business decisions such as the opportunity cost of
unburned carbon assets (McGlade and Ekins, 2015).

In legal and academic terms, the level of agency of shareholder
primacy has been an intense and still ongoing debate, particularly
in Anglo-Saxon contexts (Bainbridge,1993; Stout, 2012). The debate
has predominantly focused on specific case studies, and on the
issue of whether shareholders can in fact sue directors for partially
favouring other stakeholders (e.g. the Earth system) at their mon-
etary expense (Murray, 2012). Examples used by scholars in this
dispute include historic litigation cases like Dodge vs Ford
regarding dividend distribution policies, Revlon vs MacAndrews
Holding regarding duties to shareholders, and cases of shareholder
primacy that didn't escalate to litigation but affected an acquisition
decision, such as with the case of Ben& Jerry's takeover by Unilever.
These and other examples have been used in the growing rhetoric
that the conventional legal form of incorporation, i.e. the limited
liability company, is not fit-for-purpose if managers are to pursue
social and environmental goals alongside and/or above economic
ones in specific cases such as Earth system damage (Clark Jr and
Babson, 2011; Mickels, 2009). This debate, in fact, has been signif-
icant in influencing a so-called revolution in corporate law in the
USA and Europe since the 2008 financial crisis, giving rise to
innovative legal forms such as the benefit corporation, the flexible
purpose corporation or the community interest corporation, to
name a few (Esposito, 2012). Nevertheless, in strict legal terms,
several scholars still argue that courtsdat least Anglo-Saxon
onesdsignificantly protect managers if they are to make social
and environmental considerations, in detriment to short-term
shareholder profit, as long as they apply good faith and their best
business judgement (Mickels, 2009; Wallace, 2009). In practice,
new empirical studies show a direct correlation between cultures
with high belief on shareholder primacy and higher carbon emis-
sions (Kock and Min, 2016).

4.4.2. Business’ normative purpose
On the other hand, if business culture and norms are factored in

alongside legal constraints, the extent to which shareholder's profit
governs business trajectories is reinforced (Fisch, 2005). Our anal-
ysis points to at least three reasons why EBS's managers face
unfavourable governance conditions to propel radical business
model transformations despite unequivocal climate change. First,
considering the ongoing legal debate on shareholder primacy, the
fact that managers are not necessarily experts in the matter, and
that courts still have freedom of interpretation, managers and di-
rectors will tend to remain averse to risk (Murray, 2012). Due to
fiduciary breach, shareholders can still sue them, or fire them
(Murray, 2011). Second, large firms such as those belonging to the
EBS rarely have one single shareholder voice or position for di-
rectors to evaluate (Stout, 2012). Given shareholder's interests are
varied, including a minority that favour radical considerations on
issues like clean energy, directors may apply least common de-
nominator decisions that tend to favour more ‘activist’ or deper-
sonalized shareholders demanding sustained returns (Dore, 2008;
Grossman and Stiglitz, 1980). Third, directors and shareholder in
large corporations are likely to share mindsets. Directors and

managers are chosen and rewarded by shareholders and notably,
more often than not are shareholders due to executive compensa-
tion schemes; a factor that can produce distorted incentives in
high-level strategic decisions (Dangerman, 2013; Dore, 2008;
Stiglitz, 2002).

There are at least two main clarifications that need to be made
regarding a systems characterization of the EBS purpose. The first is
that, for the purpose of this work, we assume here a similar self-
interested behaviour across nation states, nationally owned and
investor owned companies. Shareholder primacy dynamics apply
particularly to publicly traded firms, and this is regardless of
whether these are IOCs or NOCs. But this does not imply that all
firms make decisions consistent with the same economic princi-
ples. In fact, they can exhibit what can be considered irrational
behaviour based on a neoclassical model (Lyon andMaxwell, 2008).
We acknowledge that business is not a single decision-making
system seeking short-term profit-maximisation, but in the myriad
of internal dynamics and actors, the prevailing purpose is one
oriented to maximizing self-interest. While in IOCs this fulfils the
self-interest of individuals or institutional investors, in NOCs and
states they tacitly or explicitly maximise the national agenda set by
its specific political context; remaining susceptible to both ‘free-
riding’ actions as well as ‘political swings’ (Stavins R. and K.
Ramakrishna, 2014). Although the case can be made that coun-
tries have increasingly adopted business-like practices and motives
(Michaels, 2014), we recognize this may require a more specified
analysis.

A second important clarification is that we address the element
of purpose in the business model as separate to the value propo-
sition. Business models are recognised as a “market device” that,
through a static configuration of elements outline the value of the
product or service offered by a firm (i.e. the value proposition), and
the processes to create and capture this value (Zott et al., 2011). The
value proposition is thus a core element of the business model, and
for the EBS it can be generally described as ‘the reliable delivery of
energy at an affordable price.’ Revisiting and shifting the value
proposition dat a firm or a whole industry leveld normally
changes the relationship with the customer, for example in a joint
value creation or in product-service systems. A change in value
proposition is fundamental to business model innovation and can
be a source of competitiveness (Wainstein and Bumpus, 2016). In
simple terms, the business model explains how an organization
makes money (Osterwalder, 2004), whilst the business purpose
addresseswhy a business makesmoney or exists in the first place. A
revision and shift at the business purpose level is related to social
innovation (Phills et al., 2008).

5. Concluding remarks

This work represents a mapping exercise and analysis of key
Earth and EBS dynamics, including purpose. It is intended as a
contribution to insights in Earth system management, irrespective
of implicit methodology gaps that can arise from its broad scope.
Fundamentally, the application of systems thinking to a holistic
metabolic map illustrates why the EBS may have a disturbingly
unfavourable condition to deal with Paris’ ambitious climate tar-
gets and is locked-into further loss of Earth system resilience. This
comes both from information filters that reduce its capacity to
receive and act accordingly to proper environmental feedback
signals and, more importantly, because of its fundamental systems
purpose that conditions motivations in its decision-making. As
such, we believe this work presents systemic reasons to hypothe-
sise that the current for-profit shareholder maximisation purpose
of the energy business complex is incompatible with avoiding
dangerous climate change. If this is so, it introduces an
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unprecedented systemic challenge since it relates to a core identity
of the system, whose shift may not be easily produced by external
interventions and instead require a change in its fundamental
governance. It further suggests that while economic in-
ternalizations such as carbon pricing can help as an element in a
transition, they may fall short of the needed transformation to-
wards a truly resilient human-Earth relationship.

We provide here two suggestions that can be considered by
researchers, business and policymakers alike given the insights
presented. First, the systemic issues raised require much more
attention and research in the present climate agenda. Business
interests and their implicit tensions with climate change are hardly
explicitly addressed by UNFCCC or by the IPCC compiled bodies of
literature.9 The high stakes to achieve EBS transformation in an
unprecedented narrow timeframe do not allow relying on solutions
that may arise from lock-in mindsets; they demand radically
innovative approaches that need to be proposed and evaluated.
Furthermore, this paper validates ongoing societal reactions, initial
changes in corporate law and a growing entrepreneurial niche
demanding a planet-people-profit prioritization in governance
(Huffington, 2013; Wilson and Post, 2013). Actual validation the
EBS metabolic model with quantitative methods remains an
important next step beyond this conceptual work. Additionally,
while this paper focused on introducing an interdisciplinary and
systems-based framework, a more directed business and manage-
ment analysis on the insights derived from the EBS might also be a
valuable continuation to this work.

Second, we suggest that individual energy businesses, particu-
larly carbon majors, should present business model transition
strategies that are consistent with 1.5oC-2oC climate targets and
their associated carbon budgets. This suggestion builds from the
successful approach leading to the Paris agreement. It has been
argued that one of the main reasons for the success of the UNFCCC
Paris agreement has been its combined bottom-up and top-down
approach (Chan, 2016). By requesting parties to present their
intended nationally determined contributions (INDCs) to climate
targets, without any specific prescription, it allowed for a bottom-
up approach that facilitated the dialogue in the lead up to Paris
and its initial plenaries. We thus suggest a similar approach can be
taken for EBS actors. By presenting their climate-proof business
model transition pathways, energy business actors can be explicit
in their Earth system stewardship and ground on the fact that so-
ciety is the ultimate licensor for business. Corporate determined
contributions to climate targets could include business trans-
formation pathways and the required support from the societal
system to achieve them, keeping as a basis long-term Earth system
resilience, which ultimately aligns with business stability. Using the
Earth system as a benchmark is important, since business strategies
that satisfy current generations while shifting risk to future ones
dsuch as increasing present fossil fuel infrastructure lock-in while
investing in future roll-outs of negative emission technologiesd
could be perceived as moral hazard.

The EBS and its carbon majors have grown into supranational
systems, and yet there is at present no official supranational venues
to properly engage, discuss and regulate their business models. A
mixed bottom-up approach to EBS transformation requires filling
this accountability gap and may include official involvements with
multilateral bodies such as the UN. In short, we suggest the EBS

should undergo a transformation in its corporate governance to-
wards Earth system governance.
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Appendix B. Details and clarifications of the EBS metabolism
map dFig 5.

The financial capital information represented in Fig. 5 is not
linked to specific datasets due to the fact that not all information is
publicly available (particularly in the case of NOCs and nation
states) and has not been compiled by any international agency
(Yeager et al., 2012). Carbon and energy information is constructed
based on available quantified data (IEA, 2016c). The stocks and
flows of carbon and energy in the EBS are depicted as a Sankey
diagram of the energy supply chain divided into upstream and
downstream, and covering its sources from Earth to the EBS and
back in a nested fashion. Although the EBS receives multiple rate-
regulating feedback from its environment deg. from markets,
policy and global eventsd the main feedback mechanism that we
evaluate, and attempted to represent graphically in this exercise is
the environmental one; responding to the side effects of its com-
bustion metabolism.

The stocks and flows of financial capital are broken into inflows
(i.e. sources of capital), outflows (i.e. where themoney/capital goes)
and assets (i.e. stock resources the EBS owns or controls as a result
of its activity). Assets are divided into either cash assets (i.e. stock of
money) or all other forms of non-cash assets (e.g. land, equipment,
inventory, intellectual property etc.). We represent how all these
elements connect by using a concentric circle diagrametermed the
EBS ‘nucleus’e that is a stylized representation of both an income
and cash flow statement d thus as a dynamic process without a
specified period of time. This also helps represent shareholder
value in the EBS, considered here as a metaphorical boundary that
includes all accounted equity (i.e. assets minus liability) and the
rent it produces (i.e. dividends and compensations), but also the
power of administrating natural energy resources of the Earth
system as well as influencing its flows into the societal system. Our
analysis frames shareholder value as an integral part of the EBS
purpose, and is thus shown with an arrow marking trajectory or
drive.

For descriptions of each stock and flow, see Supplementary
Material 2.
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SM1. Supplementary text: Conceptual framework of combustion as metabolic singularity and EBS lock-in 

The framework presented in the main text is based on having a systemic outlook on hydrocarbon combustion as a metabolic singularity in 
the Earth system, and on the energy business system (EBS) as critical level to release lock-in. It combines three branches of scientific inquiry 
on system behaviour. The first considers that the sustainable transition of the energy system responds to sociotechnical dynamics (Grin et 
al., 2010), where business systems draw from multiple societal and cultural elements forming established complex regimes that lock-out 
challenging technological niches (Geels, 2005; Unruh, 2000; Wainstein and Bumpus, 2016). The second presents the energy and climate 
link as a socioecological system (Hodbod and Adger, 2014; Young et al., 2006), where Earth, energy and business are complex adaptive 
systems interacting across scales and with fundamentally different properties in space and time (Berkes et al., 2008; Fath et al., 2015; Lenton 
and van Oijen, 2002). Given a specific focus on the metabolic role of business and its fundamental purpose, the third line of enquiry involves 
the major elements that characterise governance of business systems, including feedback dynamics, corporate law, cultural and political 
contexts.  

We present here an extended explanation of how socioecological and sociotechnical frameworks have been considered to analyse EBS 
lock-in. Section SM2 further describes how the EBS stocks and flows of financial capital have been characterised in the main text.  
 

SM1.1 Combined frameworks on lock-in and transitions of complex systems from multi-level perspectives 

A way to navigate through scholarly explanations on how the world arrived to an energy-climate technological and societal inertia given 
its known environmental repercussion, is to break them into two main analytical lenses. On one hand, one that focuses on the specific 
sociological and technological— socio-technical for short—attributes and dynamics giving rise and perpetuity to the energy regime within 
its greater system. On the other hand, one that grounds on complex adaptive system and resilience theory to understand the behaviour and 
fluxes of the socioecological system as a whole. Complementing both approaches for the energy system is particularly useful when trying 
to elucidate a root cause, accelerate a transition and have a systemic outlook to prevent future maladaptive lock-ins. Moreover, both allow 
a multi-level analysis in nested complex systems. 

We include here an extended discussion of how both these frameworks and their complementarity provide a theoretical basis in the 
metabolic framework of the EBS.  

Socio-technological lock. A sociotechnical lock can be understood as a rigidly established incumbent regime – such as the fossil-based 
energy system – constantly locking out niches wanting to challenge the regime – e.g. renewable energy niche. Regime and niches are in 
constant competition for resources (private capital, policies, subsidies, cultural feedback), but the incumbent’s network and leading edge 
keeps the regime in place (Evans, 2011; Geels, 2014). Through positive feedbacks and negative feedbacks among systems and across them, 
a complex energy system consolidates its overarching behaviour drawing from other elements of its established regime. A sociotechnical 
shifts can eventually occur through high level “landscape” shocks (e.g. top-down political shifts, global crisis), or competitive disruptions 
produced in the niche´s innovative protected pockets (Rip and Kemp, 1998).  

The dynamics involved in the formation, growth and resilience of the present fossil dependent energy regime, have been characterized 
by extensive research (Baker et al., 2014; Geels, 2012; Hess, 2013; Maassen, 2012; Phelan et al., 2013; Rip and Kemp, 1998; Unruh, 2002). 
These involved interdependent trajectories of energy producing and consuming technologies (i.e. steam turbine-electrical appliances, oil 
refining-internal combustion transportation) reinforced, first by its immediate actors (i.e. designers, engineers in private firms) and then 
by elements and other actors within the larger societal context, such as professional and industrial associations, the financial system, 
policymakers and consumers. The co-dependency of these elements is strengthened by multiple positive feedback loops that produce 
returns to scale (Arthur, 1994; Page, 2006).  

Thanks to strong positive feedback loops, the energy corporations and market partners involved have escalated to become the world’s 
largest firms, and, due to ‘sunk cost’ effects, the resulting carbon-intensive energy infrastructure suits near term energy and economic goals 
but its inertia locks long-term emission pathways (Arkes and Blumer, 1985; Christoph et al., 2015; Peter Erickson et al., 2015). This inertia 
is harder to slowdown or redirect than perhaps most other societal systems, due to the central role that energy developed alongside present 
society (Urry, 2014): the energy system has come to form the central engine powering economic growth in the collection of human activities 
(Ayres and Warr, 2010).  

Out of these positive feedback loops, particular reinforcing causal effects between the conventional energy system with the political and 
financial system reduce the competitive advantage of the alternative energy system (non-fossil based) by gaining further access to subsidies 
and investment capital. Using a causal loop diagram of system dynamics, figure 3 in the main article shows how, through a process that has 
been termed ‘Success to the Successful,’ the fossil fuel energy system has locked out its low-carbon alternative (Dangerman and 
Schellnhuber, 2013).  
 
Socio-ecological lock. The social and technological elements involved in the energy system form a network with multiple intrnal and 
external interactions that can be characterized as a complex adaptive system (CAS). As described in the main text, this categorization 
essentially means the system evolves, adapts and reorganizes itself based on its surroundings; exhibiting an aggregate behaviour that cannot 
be defined by the actions of the individual parts (Holland, 1992). Properties and behaviour of CAS, in fact, have been the focus of significant 
research since they hold similar traits and behaviour across social systems (eg. financial markets, large firms), natural systems (eg. cells, 
forests, immune system) and thus particularly relevant to understand social-ecological systems such as the one comprising energy-
economy-climate (Holling, 2001; Ostrom, 2007).  
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In complex systems —whether biological or societal— lock-ins are ubiquitous and natural processes that even provide adaptive 
evolutionary functions since temporary rigidities allows sheltering of a system from its environment (Scheffer and Westley, 2007). In other 
words, systems have self-stabilizing feedbacks that allow them to remain poised under external variability. They do this by increasing 
internal connections, regulations and resources, which locks them into a stable and resilient state. If external variations increase to levels 
that demand a system’s ‘flip’ towards an alternative stable state, this transition can occur smoothly or abruptly depending on the intensity 
of this lock (Scheffer et al., 2009). Eventually, once a CAS faces this critical transition, given its conservative and rigid state faces 
disadvantages with changes in its environment, it undergoes a release of its resources, or ‘wealth,’ and a loss of resilience, followed by an 
eventual reduction of its internal connections and control. These successive processes, yielding loose connections and dispersed resources 
in the system, provide the perfect conditions for a new potential state to arise once a reconfiguration takes place. This release and 
reconfiguration process is analogous to a ‘creative destruction’ proposed by Schumpeter (Schumpeter, 2013). Once a dominant 
reconfigured state emerges in the system, it can slowly exploit its new advantage towards a new conservative state with locked resources 
and connections.  

This cyclical process just described, which is essentially a set of altering degrees of connectivity, potential and resilience, are what allow 
complex systems to remain adaptive and evolve in a changing environment. It is thus referred to as the ‘adaptive cycle’ and represented in 
Fig. SM1 (Gunderson, 2001). When increased system lock-in falls in a rigidity trap, the system is in a late K-phase of the adaptive cycle, 
having high connectivity, potential and resilience. The EBS has fallen in to this rigidity trap and, with higher focus in efficiency —which 
removes variation and redundancies— risks escaping the adaptive cycle altogether consequently escalating into loss of resilience in its 
higher systems.  

Interventions to prevent multi-level collapse can borrow from the resilience thinking framework to establish desired vs. undesired 
results. The three most important aspects involved in a ‘healthy’—as opposed to maladaptive—complex social-ecological system are 
resilience, adaptability and transformability (Folke et al., 2010). Resilience represents the capacity of such a social-ecological system to adapt 
constantly while staying within critical threshold, and adaptability is the part of resilience that allows changes based on external and internal 
drivers and processes in order to stay within a stable domain and trajectory (Walker et al., 2004). Transformation, on the other hands, 
represents the crossing of those thresholds into a new trajectory with alternative stability domains, and draws from resilience at multiple 
scales (Folke et al., 2010; Geels and Kemp, 2006). This aspect is the most important one considering the EBS, since its rigidity-induced 
resilience produces stress at higher system scales, and only a deliberate transformation would prevent further threats to Earth system 
resilience (Westley et al., 2011). Ensuring transformability of the EBS is also required to reduce the risk of encountering new lock-ins or 
rigidity traps, even after the present one is transcended. 

The cross-scale dynamics occurring between nested adaptive cycles of complex systems with different scales has been termed a 
Panarchy, in relation to an alternative hierarchy relationship (Allen et al., 2014). The quality of these dynamics is described in a Panarchy 
as ‘revolting’ and ‘remembering’ forces. With positive feedbacks, systems revolt towards an acceleration of transitions, while negative 
feedbacks provide lower levels with stabilizing forces (Allen et al., 2014). Figure SM1b shows these adaptive cycles in a panarchical depiction 
and their cross-scale dynamics. The figure also illustrates how resilience thinking can be used to match each level in the panarchy with a 
ball and cup model of system stability. The combined concepts have been used in the stylized model for metabolic singularities in figure 2 
of the main text.  

No matter how complex a social-ecological panarchy might be, a general proposition establishes that only a small set of dominant 
variables determine major whole-system patterns and behavioural changes (Walker et al., 2006). The holistic analysis of the combustion 
metabolism in this paper seeks to identify, at the right system scale, the set of variables that, if affected, might influence larger scale 
transformations, acting as ‘leverage points’ (Meadows, 1999). Triggering a release and reconfiguration of the system towards an alternative 
stable state can produce desirable outcomes in their higher systems, as shown in the far right of figure SM1b.  
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SM2. Methodology, notes and clarifications for mapping the energy business metabolism in Figure 5 

As explained in the main body of the article, the motivation to map the EBS metabolism is to understand establish critical cross-scale 
dynamics responsible for lock-in. This allows identifying elements suitable for system intervention that would provide increased 
transformability (i.e. ability to transform) to the EBS into more sustainable stable states. The scope of the EBS encompasses the aggregate 
businesses of the energy supply sector, divided into upstream and downstream, where downstream includes also all retail and corporate 
activities of the EBS.  

Metabolisms regulate growth and activity. In biology, this is represented primarily in the stock and flow of carbon and energy, which 
keeps organisms alive, both for anabolic processes (i.e. building and re-building cell structures) and catabolic processes (i.e. releasing stored 
chemical energy), as well as in general balancing of internal conditions relative to external conditions – i.e. homeostasis. Drawing an analogy 
with the EBS, the stock and flow of carbon is also represented by carbon; from fossil resources to its intermediaries (i.e. electricity, refined 
fuels) and final statei (i.e. CO2). The stock and flow of energy in the EBS, is also represented as normal energy (i.e. joules), but given it is a 
business system, the analogy of energy flow keeping the system ‘alive’ or operational is represented by the stock and flow of financial capital, 
which is any economic resource that can be represented in terms of money. In the EBS, 82% of its real energy flow is linked to its carbon 
flow (IEA, 2016a), and interdependent with the flow of financial capital. Finally, internal and external regulations in business systems can 

                                                                    
i Relevant even if the CO2 releasing process is not performed by the corporation. 

Fig SM1. Theory: Adaptive Cycle and cross-scale dynamics in Panarchy of complex systems. a) Representation of the full adaptive cycle 
showing a rigidity trap. Complex systems cycle between a conservation phase (K) (high connectivity, connectedness and resilience), a release 
phase (Ω) (low resilience, potential and connectedness), a reconfiguration phase (α) where new trajectories begin to develop with high potential, 
resilience but low connectedness, and an exploitation phase (r) where connectedness begins escalating slowly into a new conservation phase. The 
stages in each of these four phases are characterized by differences in three specific properties explained in the diagram: potential, connectedness 
and resilience. A rigidity trap corresponds to a system stuck in high potential (or wealth), connectedness and resilience. b) Panarchy applied to 
shows the theoretical basis of nested complex adaptive systems used in the metabolic singularity model of figure 2. Complex social-ecological 
systems are comprised by multiple nested adaptive cycles at different temporal and geographic scale, which have positive and negative feedback 
dynamics across scales. The figure shows the EBS discussed in this paper in the context of the Earth system. “Remember” feedbacks provide stability 
in trajectories to lower systems, while “revolt” feedbacks occur when lower systems affect higher once. The panarchy depiction of the EBS, the 
Energy system and the Earth system is complemented by a ball & cup model describing the current state of each system and the required 
transformations to achieve Earth system resilience, as discussed in the main text. Adapted from (Gunderson, 2001). 
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be represented by legal, political and economic policies that are enforced to maintain desirable conditions relative to its environment – i.e. 
a homeostatic analogy.  
 

 
Fig. SM.2 | Further clarifications and details of the energy business metabolism map shown in Figure 5. The EBS metabolism is mapped showing 
stocks and flows of financial capital, carbon and energy, and the environmental feedback mechanism from the Earth System back to the EBS. This figure 
shows a section of Fig.5 of the main text in order to provide further clarity on the components and rationale behind the mapping of financial capital 
stocks and flows. A more detailed illustration is provided on investments and operating outflows along the energy supply chain and the different forms 
of non-cash assets that represent the basic factors for industrial energy production —shown as physical, human and natural capital. Natural capital 
enters from the Earth system as forms of energy that are harnessed and transformed through production. Each component of either stocks and flow of 
financial capital is labelled based on whether these are inflows (i.x), outflows (o.x) or assets (A.x) and used as a reference for their further description in 
Supplementary Text SM2
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A more detailed description of the sources and rationale used to represent the stock and flow of financial capital, carbon and 
energy are provided in the following supplementary subsections.  

SM2.1. Principles for representing stocks and flows of Financial Capital in the EBS metabolism.  
Financial capital is represented here as all forms of economic resources received, employed and saved by the EBS to perform its business. 
It includes physical capital like machinery and infrastructure, as well as any financial instrument or natural resource that can be 
measured in terms of money. It is depicted as inflows (i.e. sources of capital), outflows (i.e. where the money/capital goes) and assets 
(i.e. stock resources the EBS owns or controls as a result of its activity). Assets are divided in either cash assets (i.e. stock of money) or 
all other forms of non-cash assets (e.g. land, equipment, inventory, intellectual property etc.).  

All inflows, outflows and assets can by linked to the centre concentric circle diagram —the EBS ‘nucleus’— that is a stylized 
representation of both an income and cash flow statement (without a specified period of time). It describes how all sources of income 
and existing retained earnings or cash assets are employed in either: investment and operating activities on the energy supply chain 
(shown in relation to the flow of carbon and energy from the Earth system to the End-use sector), or other costs and re-investments in 
non-EBS systems. The nucleus diagram describes a process (in any given period of time) whereby, from the initial larger dotted circle, 
outflows reduce it to an ultimate bottom line of net profit that adds to any pre-existing form of cash assets to form a stock of total cash 
assets —a part of which is available for dividends to common stockholders. 

Since the EBS is represented in this article as the global aggregate of all businesses and their processes, the collective EBS 
metabolism can be said to behave like a single vertically integrated firm encompassing the whole energy supply sector. As opposed to 
the stock and flow map of carbon and energy, which is data-driven, using information provided by the IEA (2016c) and GEA (2012), 
financial capital represented here is not linked to specific datasets. This is primarily due to the fact that a significant amount of 
information is not publicly available (particularly with NOCs) and has not been compiled by any international agency (Yeager et al., 
2012). The IEA publishes the World Energy Investment (WEI) outlook that provides highly informative figures on current investment 
flows to upstream and downstream activities. However, the WEI information does not include operating expenditures nor does it 
provide a compilation of all existing global upstream and downstream assets in terms of financial capital.  

In general, the EBS metabolic map was developed applying the concept of making it “as simple as possible, but no simpler.” Below 
we describe further the stocks and flows of financial capital.  

Inflows (i). Financial capital enters the EBS in three main streams: energy sales (i.1) –from the end-use sector, investment capital (1.2) 
–from the financial system, and subsidies and allocations of state budgets (i.3) –from the political system.  

i.1. Energy sales.  The primary source of revenue of any business system since it is the inflow from the commercialization of its product 
or service. In the EBS, sales come from different products and services throughout the supply chain, whether from exploration, refining, 
logistics, retail or all of the above. However, the figure combines all forms of sales as a single stream coming from the end-use sector 
and representing the sale of all forms of final energy (i.e. liquid fuels, gas, electricity, biomass). 
i.2. Investment capital. This stream represents all forms of income from the financial sector, primarily in the form of debt, equity, and 
bank loans. The financial sector encompasses any national and international public or private financial institutions, such as banks, 
funds, as well as any private or public investor. It is here assumed, that when the inflow comes as a form of equity (e.g. acquisition of 
common stock), then the investor –whether it be a bank, a fund, or a private investor– becomes a shareholder and thus remains as a 
part of the EBS. Otherwise, most funds from the financial sector return back with an added cost of capital.  

i.3. Subsidies and allocation of state budgets. The political system holds an essential role in financing the energy supply system and 
thus the EBS. Financial capital flows from the public sector in the form of subsidies –direct subsidies or other instruments such as tax 
exemption, and allocations of state budgets. Post-tax subsidies to the Global energy system exceeded U$S5 trillion in 2015 (Coady et 
al., 2015). State budgets are main source of capital for NOCs, whose earnings can be partially transferred to the state and then back to 
finance the NOCs capital expenditure (IEA, 2016b).  State or national governments can also provide significant low interest loans to 
the EBS through public financial institutions. Although these are forms of subsidized financial instruments, they are categorized here 
as originating from the financial sector.  

Outflows (o). There are 6 categories of outflows represented in our EBS metabolism. Three streams flow out of the EBS into the: 
Financial system (o.3), Political system (o.4) and the Energy End-use system (o.5). Three streams of financial capital outflows are 
considered to stay within the EBS since they are transformed into assets and expenditures employed in the production of final energy 
as well as other forms of shareholder value. These three internal outflows are: investments and operating expenditures in upstream 
activities (o.1), investment and operating expenditures in downstream activities (o.2), and dividends to shareholders (o.3).  

All outflows of financial capital produce positive feedbacks to the systems they flow to. 

o.1. Investment and operating expenditures in Upstream activities. This is a major form of expenditure for fossil fuels and nuclear 
since it entails all developments related to exploration, drilling and mining activities. In the case of renewables, upstream expenditures 
are minimum, if not zero, since they are readily accessible. Outflows includes both investment activities, such as purchase of machinery 
or infrastructure developments, and operating activities, such as labor, logistics and general corporate management.  

Fig. SM.2 shows the outflow dividing into physical and human capital, including both investment and operations. These two forms 
of capital, together with natural capital, form the basis of production. Any R&D expenditure that relates to upstream processes is also 
considered in this outflow. The positive feedback produced by this outflow relates to the dynamic flow of primary energy into the EBS, 
therefore more investment into upstream activities will produce more availability of primary energy in the system (e.g. proven reserves), 
whether this is produced by either a push or a pull factor. 

As a reference, upstream investments, excluding operating expenditures, amounted to an estimate of U$S700 in 2014, a figure that 
is expected to significantly rise by 2035 (Barclays, 2013; IEA, 2016b). 
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o.2. Investment and operating expenditures in Downstream activities. Downstream expenditures form the major part of the supply 
chain cost since it involves all generation, transmission and distribution of power, refining and distribution of fuels, and the retail 
process to commercialize this to the End-use sector. This outflow also includes other forms of corporate activities and any R&D related 
to downstream processes. In the case of distributed energy resources (DER), for example residential photovoltaic systems, downstream 
expenses relate to the production of the DER and installation of the necessary infrastructure up to the physical point of consumption.  

In Fig. SM2, o.2 is also shown discriminating flows into physical and human capital. For businesses that only perform refining 
activities, for example, a major form of expenditure relates to the purchase of a primary form of energy from an upstream business (e.g. 
crude oil or natural gas), and should thus be represented as an outflow to acquire natural capital (i.e. the object of production). However, 
this is not represented in our EBS metabolism since these internal activities among EBS actors are assumed to even out throughout the 
supply chain.  

The positive feedback of o.2 relates to the dynamic that, on a general basis, more financial capital that flows into downstream 
activities equates to a higher amount of final energy being delivered or available by the End-use sector. Naturally, this can be produced 
by a push or pull factor, whereby a higher demand increases supply, and a higher supply irrespective of demand can reduce prices and 
eventually increase demand. This factor, among others, affect the price of energy, but these specific price dynamics are not accounted 
for in our metabolic map since, through general system dynamics, we assume the positive feedbacks still remain when averaged over 
time. 

o.3. Finance costs. This outflow relates to the cost of acquiring capital from the Financial sector, such as in the form of an interest rate, 
which in turn represents revenue for the financial institution. The positive feedback represents that the more capital that flows back to 
the Financial sector, with its interest cost included, the more capital is available in the inflow stream i.2.  See also Fig. 3 of main article 
and Dangerman (2013).  

o.4. Taxation and lobbying. Outflows from the EBS into the Political system includes all forms of taxes, whether these are standard 
business taxes, rights of exploration and exploitation of land and resources, or carbon and environmental taxes and costs. Outflow to 
the political system also includes lobbying activities, which are performed by the EBS in order to accomplish different goals, such as 
influence on national and international regulations, acquisition of rights and access to subsidies. Lobbying activities and expenditures 
manifest in many forms and are considered direct contributors to climate change as a market failure (Helm, 2010).  

In the case of state and NOCs, the public sector is a direct shareholder and thus holds a more fluid transaction of financial capital 
with the system as explained in i.3. In general system, the more financial capital that flows into the Political sector, the more financial 
capital that is available in inflow stream i.3.  

o.5. Marketing. Marketing outflows are represented here as any form of expenditure that the EBS employs to influence its 
customer/consumer (i.e. the End-use sector) in order to raise the profile of the individual business, the products and services it 
produces, as well as any influence that can incentivize higher rates of consumption. The marketing outflow is represented separately 
from the supply chain operation even though it is often an expenditure linked to normal retail activities. It is also an outflow shown to 
exit the EBS even though marketing is a resource often employed to help raise the profile of a business, which can eventually raise its 
market and thus shareholder value (elements that are internal to the EBS). However, it is represented in this way since we prioritize the 
processes that relate to how the EBS is “seen” and valued from outside the system —i.e. end-use customers. 

The marketing outflow also includes expenses that are done to minimize the environmental side effects of the use of certain EBS 
products. In other words, the sponsorship of climate skepticism, which influences customer´s perception, is considered here as a form 
of marketing (Oreskes and Conway, 2011). This issue has been covered by popular press but has been the source of legal actions 
(McWilliams, 2017). 

A significant form of marketing expenditure considered here, are those related to strategic B2B (business-to-business) 
relationships between the EBS firms and End-use sector firms. A prime example of this form of marketing relates to the alliances 
between oil firms and automotive companies ensuring internal combustion engines and availability of gas stations. These B2B alliances 
are normal in any form of technological progress but are also a significant source of technological lock in (Unruh, 2000).  These are 
considered marketing dynamics since, in essence, are developed to ensure a product has validity in the market and continues to be 
required by customers.  

o.6. Dividends and compensations. Dividends are considered an internal form of outflow, initiating from the net profit + cash asset 
stock into shareholder’s value. They are considered part of shareholder value since it is a rent produced by the shareholder’s equity 
ownership. Ease of dividends as well as share price are considered a representation of shareholder value. This outflow arrow is shown 
in the center of the metabolism, marking a metaphoric “direction” of the EBS since it represents the bottom line and purpose of 
maximizing shareholder value.  

Executive compensation is also included in this outflow since it is often based on a percentage of profitability of the business, thus 
representing that executives are part owners/responsible for that profit, and incentivized to maximize it. On the other hand, instruments 
such as preferred stocks are considered to relate more to financial sector flows than to this section. 

Assets (A). Stocks of financial capital are represented as assets of the EBS. These are divided into assets along the energy supply chain 
(A2, A3), total cash assets of the EBS (A1), and also included as shareholder value (A4). A4 is represented as a dotted line since, in its 
basic accounting equation, equity represents all assets minus liabilities at any one point in time.  

A1. Total cash assets. This represents the amount of available money the EBS has. It is shown as the bottom line / net-profit of the EBS 
‘nucleus,’ which describes the process of revenues (i.e. inflows) minus expenses (i.e. outflows). At any one point in time of a firm, the 
total cash assets it owns are formed by retained earnings from net profit of a previous exercise, plus any previously existing cash assets.  
Therefore, we include the net profit of the EBS into this stock of liquid financial capital.  
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A2. Upstream non-cash assets. Upstream activities, like any industrial activity, requires different forms of assets for production, which 
are acquired with cash but immediately turn into a form of non-cash asset. This includes machinery, infrastructure, land, intellectual 
property etc. Even though these are all considered a stock of financial capital (since it can be measure in terms of money value), they 
are also represented in Fig SM.2 as the primary forms of capital used for the production accessible primary energy: physical, human 
and natural capital. Some of this capital is more intangible than other forms, such as in the case of a well-established ‘corporate culture’ 
that, even though can be a significant factor in successful production and management, is harder to value than a physical asset. However, 
it is still considered in this group since valuation and ease of investment of firms has increasingly considered these factors.  

All proven reserves published by the EBS are considered a form of natural capital stock. In the case of renewable energy, the natural 
capital stock is the total available exergy, but could arguably be reduced to the amount that can be harnessed by the existing renewable 
infrastructure.  

A3. Downstream non-cash assets. Just like in the case of upstream assets, downstream assets form the basis for the production of this 
sector, which include the production and delivery of final energy from the accessible primary energy delivered by the upstream sector. 
Downstream assets include all refineries, fuel logistic machinery, renewable energy infrastructure, and the entire global electricity grid 
(generation plants, transmission and distribution lines), to name a few. The primary energy output of the upstream sector is considered 
the natural capital of the downstream sector that, processed with the physical and human capital, transforms into the final energy form 
delivered; notwithstanding originating from the Earth system in its raw form. 

A4. Shareholder value. We represent shareholder value in the EBS as a metaphorical boundary that includes all accounted equity (i.e. 
assets minus liability) and the rent it produces (i.e. dividends and compensations), but also the power of administrating and controlling 
natural energy resources of the Earth system as well as facilitating and regulating all flows of energy into the societal system.  As 
discussed in the article, maximizing this value is the current purpose of the EBS: its raison d’eitre. Therefore, we represented the center 
arrow (o.6) linking the nucleus’ bottom line of the EBS to this group. Shareholders of the EBS, the direct beneficiaries of this stock of 
financial capital, are all shareholders of the business it comprises, including private individuals, financial institutions, external firms, 
and states.  

We believe this is a first interpretation of the EBS metabolism and recognize its limitations as mentioned in the article’s 
conclusions. We also recognize that illustrating the shareholder concept in such a model can be the source of much discussion. 
However, we trust this serves as a start for modelling such a crucial concept and hopefully a basis for improving it. Ultimate, as the 
article points out, the purpose of maximizing this stock asset needs to be revisited in order alleviate tensions in the climate system.  
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a b s t r a c t

Decarbonising the electrical power system holds a critical role in climate change mitigation. Recent
developments in technology are helping change the current centralized paradigm into one of integrated
distributed clean energy resources. In spite of these developments, radical transformation is not
occurring at a speed to effectively meet environmental targets, mostly due to the incumbent carbon lock-
in trajectory. We argue that business model (BM) innovation dynamics are key drivers in accelerating the
low carbon power system transition, often operating irrespective of the underlying technology. We
combine BM theory with the multi-level perspective on sociotechnical transitions to present a useful
framework to analyze this potential transition. This paper presents the application of this framework
characterizing relevant BM dynamics of niche and regime business actors, and supporting these with
illustrative examples. Particularly, we find that new actors in the distributed energy business are
achieving market scale by offering financially innovative BMs that do not require upfront costs from
customers. Higher penetrations of renewable energy sources in liberalized electricity markets are
destabilizing the historical BM of large centralized utilities through erosion of wholesale prices.
Furthermore, a shift towards distributed and dynamic energy resources further challenges incumbents
and might bring opportunities for BMs focused on active customer participation and social value crea-
tion. As these tendencies are expected to accelerate, we find analyses of BMs will have important rele-
vance for future power system transition research.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The electrical power system holds a central role in meeting
emission targets for climate change mitigation. In order to keep
global mean temperature rise within 1.5e2 !C relative to pre-
industrial levels, as recommended by the IPCC and restated in the
2015 UNFCCC Paris Agreement (IPCC, 2013; UNFCCC, 2015), feasible
energy transformation pathways e developed with Integrative
Assessment Models e require significant reduction in energy in-
tensity (i.e. efficiency), a radical electrification of the energy system,
and a fast decarbonisation of the electricity sector (Kriegler et al.,
2014; Rogelj et al., 2015). But considering that electricity corre-
sponds to just 18% of total energy consumption, and 67% of its pri-
mary source is fossil based (IEA, 2014), this scenario requires a
challenging technological and systemic revolution in this sector. This

shift is not occurring at the speed required: wide scale renewable
energy technologies and carbon-saving innovations have faced sig-
nificant resistancewhen attempting system-wide diffusion (Bumpus
et al., 2014; Geels, 2014). Resistance comes from a complex structure
of actors mostly centered around fossil fuel incumbent firms that
have been locked into sustaining carbon intensive business models
(BMs) (Dangerman and Schellnhuber, 2013; Unruh, 2000).

Recent increases in electricity prices, reduction in renewable
technology manufacturing costs, and government clean energy in-
centives, are, however, producing opportunities for cleantech en-
trepreneurs and newBMs (Frankel et al., 2014; Huijben and Verbong,
2013). The result is yielding increased incorporation of distributed
energy resources (DER) such as photovoltaics, smart meters, sta-
tionary batteries and electric vehicles. DERs are helping change the
essential paradigm in the electricity sector of industrialized nations,
evolving from a traditional value chain to a more complex partici-
patory network (Klose et al., 2010). This tendency is expected to
further accelerate in coming years (Frei, 2008; Schleicher-Tappeser,
2012). Furthermore, since conventional utility BMs were not
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designed to tap the most value from distributed renewable genera-
tion, they are a current locus of destabilization and thus experi-
mentation, innovation and emerging opportunities (eLAB, 2013;
Richter, 2012; Schoettl and Lehmann-Ortega, 2011b).

The dynamics in the transition between old and new power
system BMs involves tensions between incumbent and new busi-
ness actors, a centralized versus a distributed technological para-
digm, and a societal shift from a passive to an active user role in its
value chain. Some industrialized nations with an ongoing energy
transition are showing early signs worth noting. Large incumbent
utilities are forced to reconfigure their BM (Jeevan Vasagar, 2015;
Richter, 2013a) whilst new distributed energy corporations are
achieving financial scale with competitive BMs (Biello, 2014; Hess,
2013). In parallel, modern markets are hosting BMs with increased
customer participation, both through collective value creation
through peer-to-peer (P2P) platforms (Andersson et al., 2013; Belk,
2014), and through socially active initiatives such as grassroots
innovations and for-benefit firms (Hess, 2013; Seyfang et al., 2014).
Collectively, these dynamicsmay presentwindows of opportunities
to destabilize the rigid foundations of the current carbon lock-in
and accelerate the inertia towards a low carbon power system.
This paper discusses the relevance of these systemic signals by
considering BMs as a critical unit of analysis, and provides specific
illustrative examples for a qualitative characterization of these
emerging tendencies.

This article adopts a sociotechnical framework for its analysis. It
recognizes the transformation required in the power sector does
not only involve a change in technology, but also a system level shift
in elements such as user practices, regulations, industrial networks,
markets and infrastructure (Geels, 2002; Verbong and Geels, 2010).
Specifically, the multi-level perspective (MLP) on sociotechnical
transitions has been a useful approach to understand the changes
and tensions at different societal levels, including those between
new and incumbent actors and innovations, which give rise to new
technological systems (Grin et al., 2010). However, the specific role
BMs have on these interactions has largely been left out of the
literature (Geels, 2011). This is surprising given BMs are ‘value
creation engines’ (Zott et al., 2011), devices for competitive
advantage, both for incumbents ensuring their locked-in trajectory,
and for new actors commercializing new technologies in novel
ways. We highlight here how BMs, rather than commercialized
technology per se, can become disruptive niche innovations.

We perform an analysis combining BM theory and the MLP to
better understand critical business dynamics in the current land-
scape of modern power systems. We illustrate our observations by
focusing on BM dynamics in illustrative examples of niche and
regime business actors.With this work, we seek to address whether
BM tensions and innovative BM initiatives are acting as disruptive
forces on the barriers of the low carbon transition. We also intend
to contribute to an emerging literature linking BM and socio-
technical transitions (Bidmon and Knab, 2014; Huijben and
Verbong, 2013; Loorbach and Wijsman, 2013; Tongur and
Engwall, 2014). The paper is structured as follows: Section 2 pro-
vides the background literature, theoretical framework and rele-
vance, Section 3 presents a characterization of tendencies in the
power system transition using the BM andMLP framework, Section
4 provides the illustrative examples to further elaborate on these
tendencies, and Section 5 concludes and discusses further research.

2. Background & approach

2.1. Methodological approach

We undertake a qualitative analysis to answer our research
questions. Firstly we review the literature to bring business model

theory and the multilevel perspective together (Boons and Lüdeke-
Freund, 2013; Geels, 2011). Then we undertake a qualitative anal-
ysis of three examples of how this theoretical development is
played out in reality. Given the complexity of energy systems and
the emerging nature of DERs, these are not representative case
studies, but rather illustrative examples to highlight the principles
put forward in the paper (Suddaby, 2006). These examples were
chosen based on the criteria that the jurisdictions (Germany and
California) they exist in are leading examples of how energy sys-
tems are evolving, and where new BMs for energy are being tested
(Bumpus et al., 2014). As a result, they are not intended to elucidate
a general pattern but instead describe how BMs and the MLP are
interconnected through three specific dynamics of energy transi-
tion (cf. Halinen and T€ornroos, 2005). We undertook a compre-
hensive analysis of multiple online resources (e.g. industry reports
and news platforms, company's websites, reports and press re-
leases) specifically related to the illustrative examples chosen. We
applied an etic1 coding system to the data, highlighted key themes
for analysis based on the 9-point BM deconstruction and MLP
components, and evaluated the illustrative examples against our
theoretical proposition.

2.2. Actor dynamics in the energy transition lock-in: a multi level
perspective

The MLP has been a popular framework to understand how
major sociotechnical shifts occur, and how they can be influenced
towards a sustainable pathway (Geels, 2012). It argues these
changes occur through dynamic and non-linear interactions be-
tween: niches, sociotechnical regimes (a structure of practices and
rules formed bymultiple actors such as industry, policy, culture and
science), and the sociotechnical landscape (the wider context of
societal changes) (Geels, 2002; Kemp et al., 1998) (See Fig. 1a).

Niches are described as protected pockets where experimenta-
tion occurs, yielding innovations that become the seeds for socio-
technical transitions. The system in to which those niche-
innovations are inserted e known as the sociotechnical regime e
is, however, characterized by resilience and lock-in based on spe-
cific technological, social and cultural systems. This system, there-
fore, poses resistance to innovations attempting to diffuse into a
wider societal context (Geels, 2004). A technological transition,
then, implies a radical reconfiguration of a sociotechnical regime
through the incorporation of certain niche-innovations. These
shifts often depend on the pressure that the sociotechnical land-
scape can put on the regime in order to destabilize and open it for
change. The sociotechnical landscape has least flexibility given its
material character (e.g. spatial arrangement of cities and in-
frastructures) and long established practices such as financial
markets and geopolitics. However, it can suffer shocks that provide
windows of opportunities for reconfigurations in the niche-regime
dynamics. Fig. 1a shows a representation of the nested hierarchy
nature of these three societal levels (Geels, 2002).

The MLP framework has been particularly useful to help un-
derstand energy transition dynamics (Elzen et al., 2002; Verbong
and Geels, 2007, 2010). Many of the alignments causing the fossil
fuel or carbon lock-in are the same, or similar, to those addressed in
the general concept of a sociotechnical regime. A technological
trajectory escalates into synergic mutual dependencies among the
technological system, the firms involved, the industrial complex,

1 Etic codes can provide a fine resolution in categorizing events, and draw out the
‘dimensions’ to a given statement, allowing the meaning of each to be compared
against apparently similar ones to pick out the more subtle differences (Crang,
2005).
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professional associations, government and policy makers rein-
forcing the initial technological trajectory (Geels, 2005). The
particular rigidity of the current energy regime is subsequently
intensified due to its extensive scale and central role in today's
society (Urry, 2014). Unruh (2000) has described this regime as a
‘Techno-Institutional Complex’ with its growth and resilience
explained by perpetual returns to scale. Geels (2014) illustrates
how firms employ ‘corporate political strategies’ to influence and
lobby government to then collectively apply forms of power fa-
voring incumbent actors and resisting change. Dangerman and
Schellnhuber (2013) identify the limited shareholder liability in
energy and finance corporations as being the critical firm-level
factor behind this rigid trajectory. They argue that the absence of
shareholder liability in firms blocks feedback from the environ-
mental system (i.e. affected by climate change), making the con-
ventional system less likely to adopt an alternative path.

Arguably, the MLP and carbon lock-in literature exposes the
central role that the private sector has in sustaining the current
energy regime. In fact, its resilient trajectory can be interpreted as a
lock-in at the BM level, where corporations ensure shareholder
profit by maintaining economies of scale of the fossil fuel complex
and apply multiple strategies to minimize market risk (Dangerman
and Schellnhuber, 2013).

The incumbent energy regime is challenged by niche-
innovations, represented by clean energy technologies and en-
ergy saving practices. But from a market perspective, these in-
novations require BMs that can effectively commercialize them,
drive their objective value and compete with the incumbent sys-
tem. The sociotechnical landscape can exert pressure on the regime
allowing diffusion of these innovations and the rise of new
corporate actors. Oil price volatility2 and an international move-
ment to address climate change and energy security, are some
examples of such pressures shifting market conditions (Shackley
and Green, 2007). As a result, niche-regime dynamics are mostly
analyzed around opposing technologies, business actors with
competing interests, and rules and practices favoring certain

adoptions (Geels, 2014). Given the importance of activities of niche
actors (especially companies) in disrupting the regime, we intro-
duce BMs as key loci of focus to further characterize these multi-
level interactions in the context of the energy transition.

2.3. Business model theory

Although BMs have been integral to trading and economic ac-
tivity since the outset of business, only relatively recently have they
been considered as an emerging unit of analysis and thus object of
scholarly studies (Chesbrough and Rosenbloom, 2002). The exact
definition of a BM is still fragmentedwithin the academic literature,
with some theoretical framework developments from eBusiness,
strategy and innovation research (Zott et al., 2011). More recently,
however, a growing body of articles incorporate BMs into sustain-
ability studies and processes (Boons and Lüdeke-Freund, 2013;
Boons et al., 2013).

In spite of this fragmented state, a logical definition of the BM is
to describe it as a “market device” that outlines the rationale of how
an organization creates, delivers and captures value (Osterwalder
and Pigneur, 2010; Zott and Amit, 2010). As opposed to a busi-
ness strategy, which is a set of dynamic activities centered on the
competitive environment, the BM is a static design of the config-
uration of elements and activity characteristics tailored to maxi-
mize an opportunity with organizational effectiveness (George and
Bock, 2011). As a model with heuristic logic, its overarching ele-
ments can be broken down into: i) the value proposition, describing
what is the value in the product or service offered by a firm; ii) the
value creation, explaining how value is actually developed and
delivered by the firm; and iii) the value capture, which relates to the
financial system employed to turn that value into economic profit
(Baden-Fuller and Morgan, 2010; Chesbrough and Rosenbloom,
2002; Osterwalder, 2004).

A higher resolution map of the BM is particularly useful for
empirical analysis. Osterwalder 9-point decomposition of the BM
provides greater clarity of the components involved in the value
creation process (Osterwalder et al., 2005). This framework is useful
because companies actually engage in boundary-spanning activ-
ities, and operate within complex partnership networks in both
upstream and downstream supply-chain processes (Osterwalder
and Pigneur, 2010). Fig. 1b shows an adaptation of the 9-point BM
components, which includes a visual clarification of how the three
elements of value proposition, value creation and value capture, as

Fig. 1. a. Nested hierarchy of the three societal levels in the Multi Level Perspective. Adapted from Geels (2002). b. Osterwalder 9-point decomposition of the Business Model.
Adapted from Osterwalder (2005). c. Business Models in the Multi-Level Perspective. BM as critical drivers of sociotechnical transitions acting as market vehicles for niche and
regime actors. Author illustration based on sources for Fig. 1a and b.

2 We do not undertake an analysis of oil price volatility here, but follow two
assumptions: one, that ultimately oil price will rise and/or become volatile enough
that it is economically disadvantaged as a stable source of energy, and two, that
policy movements to reduce emissions from fossil fuel use will be the norm (cf.
Murray and King, 2012).
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well as the upstream and downstream processes, encompass and
connect the different 9 components.

BMs provide a vehicle for technologies and innovations to insert
in the market and successfully unlock their value (Chesbrough and
Rosenbloom, 2002). Yet since Christensen's original theory of
disruptive innovations (1997), which focused mostly on technol-
ogy, BM innovation has been increasingly recognized as a major
source of market disruption, irrespective of the underlying product
(Chesbrough, 2010; Teece, 2010). In essence, an innovative BM re-
defines the relationship between a product and the customer by
fundamentally shifting the value proposition of the existing busi-
ness. As such, BM innovation often enlarges the market by
attracting new customers that find the new value proposition more
appealing (Markides, 2006). Incumbent BMs often struggle to
incorporate this form of innovation since it involves a reconfigu-
ration of the conventional value creation process (Charitou and
Markides, 2012; Christensen and Raynor, 2003).

Larger societal processes can also influence innovative reconfi-
gurations of the BM. For example, the global financial crisis in 2008
acted as a landscape shock affecting consumer's buying power.
Unintentionally, this fostered an increase of two forms of BM
innovation. On one hand, it shifted the conventional American
consumption and ownership paradigm, accelerating the now called
“sharing,” P2P or “collaborative economy” (Belk, 2014). This societal
process has already produced disruptive firms that, through inno-
vative BMs, reimagined the value chain of stagnant businesses such
as hoteling or taxi services. P2P Internet platforms are nowgrowing
as the stage for alternative commerce, where consumers and their
idle resources become the essential component of the value crea-
tion process (Andersson et al., 2013). On the other hand, along with
public corporate scandals, the financial crisis exposed shortcom-
ings of the conventional for-profit BM to many consumers (Mickels,
2009). Particularly in the U.S., this increased the demand for
alternative ethical BMs, leading to a growing legislation of the
‘benefit corporation’ (and other similar legal variations) as legal
corporate entities (Esposito, 2012; Murray, 2012).

These tendencies, by example, draw further attention to BM
theory as a way to understand structural disruption and its link
with larger societal processes. This paper combines Osterwalder's
9-point decomposition of the BM, as a heuristic system map, with
the MLP on sociotechnical transitions, another heuristic map of the
overarching dynamic environment in which companies and in-
novations operate. We outline next why this is vital in under-
standing the low carbon transition within the power sector.

2.4. Business models and the low carbon transition

Given that low carbon energy solutions are generally provided
by private sector companies aiming to derive (and drive) value from
the market, BMs are, therefore, an essential analytical component
of understanding the low carbon socio-technical transition
(Bidmon and Knab, 2014).

There are threemain factors thatmake BM highly relevant in the
low carbon transition. First, BMs are market devices for innovations
to have competitive advantage (Chesbrough and Rosenbloom,
2002), to be widely adopted, and to become part of a socio-
technical regime. In fact, two different BMs could insert a same
innovation into a market, targeting a same customer group, and
have different results: one could make the innovation thrive, and
the other wither (Markides and Charitou, 2004; Morris et al., 2005).
Second, one of the potential sources of value creation attributed to a
BM is lock-in (Amit and Zott, 2001). Lock-in is the metaphor to
describe actors within a sociotechnical regime that gain from
perpetuating an existing technology at the expense of a new one,
blocking incoming innovations (Evans, 2011). BMs, and their ability

to respond, create and capture value through innovation, are
therefore an essential framework to understand the firm-level
dynamics of the current fossil fuel lock-in, as well as the business
aspects that can lead technological innovations towards a new lock-
in (Bumpus et al., 2014; Zerriffi, 2007). Third, the BM is an essential
locus of meaningful innovations in relation to the low carbon
transition (Chesbrough, 2007; Loorbach and Wijsman, 2013).
Perhaps the two most relevant streams are those that present a
reconfiguration of social processes and those that incorporate sus-
tainability as essential business components. The extent and nature
of the social ties of a firm with external parties (i.e. other firms,
institutions, government, customers etc.), is a critical component of
the value creation process. A reformulation of this external actor
network, can lead to paradigm shifts along with increased
competitive advantage. Product-Service Systems, for example,
introduce a change in the relationship of a firm with its customer,
from a one-time sale of a product to a continuous service provision
(Ceschin, 2013). These systems also redefine needs for technology
ownership as well as introduce alternative financial schemes
(Gelbmann and Hammerl, 2014; Tongur and Engwall, 2014). On the
other hand, BMs with higher collaboration and participation of
actors in their value chain can be commercially beneficial whilst
produce a decentralization of processes with higher resilience
(Miles et al., 2006). P2P Internet platforms are good examples of
how conventional customers becomes active participants, both by
introducing their own resources to the market place, as well as in
engaging in commercial activities (Belk, 2014). Processes of joint
value creation between a network of actors are also meaningful to
accelerate the maturity of innovations, as in the case of collabora-
tive entrepreneurship or open innovations, where innovative ideas
come from multiple sources outside the firm's boundaries
(Chesbrough and Appleyard, 2007; Ribeiro-Soriano and Urbano,
2009).

BM innovation can also provide improved sustainability perfor-
mance to both a firm and its specific technology (Lovins et al., 1999).
If sustainability is considered in the value proposition, creation and
capture processes, then BMs can be sustainable innovations
themselves (Boons et al., 2013; Keskin et al., 2013). A critical
requirement for a sustainable BM is a clear recognition of the
environment and society as extended stakeholders of the firm's
activities, embedding a triple bottom line (society, environment
and economy) to ensure this is met in the business mechanisms,
which can fall in a range of archetypes, and their effective outcomes
(Bocken et al., 2014). Finally a more radical approach to sustainable
BM innovation is seen in market-based approaches for social value
creation addressing a specific social problem. Here, BMs become
the tool employed in social innovation to achieve a social agenda in
the most effective way. Establishing a clear definition and typology
of social businesses and how they fit within social innovation is still
an outstanding issue within academic literature (Dees, 2003;
Weerawardena and Mort, 2006; Wilson and Post, 2013; Yunus
et al., 2010). A general description is a business employed to
address a social problem where the value created accrues more for
society as a whole rather than for private individual, as defined by
Phills et al. (2008). In the context of sustainability transitions, this
niche is especially significant since it challenges not only how
business practices are done in the sociotechnical regime, but also
on the fundamental value proposition for why firms exist within
society in the first place.

By considering BM theory in conjunction with the MLP, and the
role of low carbon innovations, these relationships can be graphi-
cally depicted as shown in Fig. 1c. Low carbon technologies are
ultimately required to diffuse in mainstream markets, which are
governed by the dynamics of the sociotechnical regime. But they
encounter a mismatch with the existing infrastructure, policy
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regulations, as well as the incumbents' fossil-based BMs, which
employ political economic resistance to sustain their technological
lock-in. However, the low carbon technology can have a competi-
tive advantage if it uses a more innovative BM as a market device.
Arguably, a sustainable BM could unlock further sustainability
value considering society and the environment as extended
stakeholder, or even radically challenge the conventional business
practice through socially innovative business model where social
value accrues more than shareholder value. These are important
potential dynamics for the current power system in the context of
low carbon innovations.

3. The ongoing power system transition

This section provides a background analysis on the systemic
changes occurring in the power sector, and then uses the frame-
work established in the previous section to characterize the role BM
dynamics are having in this ongoing process.

3.1. Changes in the power system paradigm

The electricity grid was designed as a unidirectional system that
delivers energy from centralized thermal power plants to cus-
tomers through transmission and distribution lines. The liber-
alization of most electricity markets introduced competition of
players along the supply chain with the aim to promote efficiency
and drive costs down (Sioshansi, 2006). These markets generally
function with a central operator that receives available generation
capacities and dispatches them in order to meet demand in a
reliableway. The dispatch is performed according to the generator's
bidding price, from lowest to highest in a uniform clearing price
auction, and where the price of the last generator dispatched sets
the market wholesale price (i.e. the “spot” price). This system is
called, among other names, the “Merit Order Dispatch” since it
benefits the generators with the lowest bidding price, which tends
to be its marginal cost (see Fig. 5 of Section 4.3 for a conceptual
illustration of the merit order dispatch). But, given electricity de-
mand fluctuates from day to day, within a day, and inter-seasonally,
and since generation must instantaneously match consumption, a
common feature of liberal electricity markets is a highly volatile
spot price. Unless they have pre-established contracts, generators
revenues depend on wholesale prices, and on how these influence
future contract prices. Utilities with retail service normally procure
energy at these wholesale prices, add transmission and distribution
costs, regulation costs, their own profit margins, and bundle this
into a final flat retail price for consumers.

This standard electricity system faces challenges when it in-
corporates a high share of variable renewable generation sources
such as wind and solar, as opposed to non-variable sources (i.e.
fossil, hydro, geothermal and biomass). On one hand, it affects
controllability and reliability of supply and demand dynamics,
which can further increase the volatility of wholesale prices
(Aghaei and Alizadeh, 2013). They can often supply energy to the
market at moments where demand is low (i.e. decreasing prices)
and fail to supply when demand is high (i.e. increasing prices). On
the other hand, these sources present the need for several struc-
tural changes considering they often have amore decentralized and
distributed nature; feeding generation into low and medium
voltage and increasing the number of low and medium capacity
generators (i.e. 0e10 MW) (O'Connell et al., 2014). Furthermore, a
high share of renewable technology, having the lowest marginal
cost in the electricity market, ultimately drive wholesale prices
down in a process called the “Merit-Order Effect” (McConnell et al.,
2013; Ray et al., 2010).

As mentioned in the introduction, significant reductions in
manufacturing costs and clean energy incentives have increased the
incorporation of distributed energy resources (DERs). These include
photovoltaic panels (PV) but also smart metering devices; demand-
sidemanagementdevices,which include stationarybatteries aswell
as smart appliances with dynamic loads, such as heat pumps and
thermostats; and, more recently, electric vehicles. Among other
features, DERs are considered valuable assets to successfully deploy
demand response programs. These programs employ several
schemes for consumers to adapt to system conditions by altering
consumption patterns. They are meaningful for the energy transi-
tion for at least two reasons (Strbac, 2008). First, along with large-
scale electricity storage, demand response programs are proposed
solutions to overcome supply-demand mismatch from renewable
variability by adapting withdrawal profiles to generation fluctua-
tions. Second, the coordination of DER in such programs is shown to
markedly reduce peak demand events that can produce local
network constraints. Overall, they also provide better tools for cus-
tomers to maximize the value of their distributed assets (Siano,
2014).

Fig. 2 shows a heuristic representation of two generic ten-
dencies observed in developed electrical power systems: genera-
tion is increasingly shifted closer to consumption, and energy
resources are deployed in a distributed manner, eventually
changing the strict one-way flow of electrons to a two-way dy-
namic nature. These developments are significantly changing the
BM paradigm in the electricity sector. This has produced a tension
between BMs that deploy DERs andmaximize their value, currently
acting as an emerging niche, and the conventional utilities BM,
which lack the framework to tap the most value out of them and
therefore resists this change (eLAB, 2013; Ipakchi and Albuyeh,
2009).

3.2. Characterization of business models in the power sector using a
multi-level perspective

Recent reviews on utilities' BM, with specific focus on renewable
energies, have classified them into essentially two generic
branches: utility-side BM, and customer-side BM (Richter, 2012;
Wüstenhagen and Boehnke, 2008). Whereas the utility-side BM is
the classical bulk generation of electricity fed into the grid and sold
as a regular commodity, the customer-side BM is a more compre-
hensive energy solution service provider, with higher level of in-
teractions at the distribution edge of the network. The latter can be
represented as an emerging niche, and is where most BM in-
novations occur, mostly by non-utility actors seizing the window of
opportunity. The left side of Fig. 3 shows a visual representation of
these generic BM relative to the power system supply-chain para-
digm and within an MLP context.

The landscape influence of pressing climate change escalated in
international policy agendas, and lead governments to develop
environmental regulations promoting the incorporation of low
carbon technologies throughout electricity networks. These range
from feed-in-tariffs, renewable portfolio standards, to several forms
of subsidies and tax incentives. Business actors are the main drivers
of these benefits, allotted along the entire cleantech value chain. A
sociotechnical study on distributed solar energy in the U.S.A., di-
vides actors as “localism” grass-root developments and “third-
party” for-profit companies; neither being conventional utility
firms (Hess, 2013). This distinction is also useful to characterize
actor groups in emerging customer-side BMs.

While grass-root initiatives are increasingly popular, it's the
third-party actors that have attracted large pools of capital and
know-how from the technology and finance industry, and are
proving to have the most market success thanks to innovative BMs
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(Hess, 2013). A prime example of this BM innovation is that of
distributed solar Power Purchase Agreements (PPA) with third
party financing. In a PPA, a household or commercial owner signs
a long term agreement to purchase solar energy at an agreed
competitive rate from a private firm, which subsequently installs
the PV systems at the customer's premise and maintains owner-
ship of the equipment throughout the term. Since customers are
not required to incur any upfront costs, this model has successfully
targeted the large U.S. middle-income customer segment previ-
ously untapped (Salkin, 2012). These BM developments do not
only encompass the solar industry. Other innovative BM applied
by third party actors relate to financing DERs for households

through product-service systems, such as with energy service
companies (ESCOs) that fund energy saving technology and
receive a percentage of the monetary savings (Ceschin, 2013).
These are particularly useful to empower customers with valuable
assets for demand response programs (i.e. smart DERs) without
making them face upfront capital costs (Geelen et al., 2013). Other
examples include the rapid reduction in the cost of stationary
batteries, and roll out of demand response schemes, which are
also producing a suite of innovative customer-side BMs (He et al.,
2011). A prime example includes California-based Sunverge, which
installs stationary batteries and aggregates them, along with other
DER, into a Virtual Power Plants in order to more effectively trade

Fig. 2. Tendencies shifting the power system paradigm. Heuristic representation of two generic tendencies observed in developed electrical power systems. Own illustration based
on findings cited in Section 3.1.

Fig. 3. Summary of Business Model (BM) dynamics in the electricity sector. “Niche-regime” developments between incumbent utilities and new actors, emerging mostly due to
opportunities in the distribution side of electricity. This combined figure shows, on the left, a description of the two main generic types of power system BM and, aligned to them on
the right, an MLP arrangement of the three ongoing BM dynamics discussed in the paper, where customer-centric ones have the highest potential for innovation but still form a
niche. Own heuristic illustration using references cited in Section 3 and adapting MLP graphical language.
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electricity on the grid and reduce peak demand events (John,
2014; Schneider, 2015).

On the other hand, an emerging body of literature analyzing the
role of community energy as grassroots innovations, in the context
of the sociotechnical energy transition, is not finding similar
encouraging results for this specific niche (Hargreaves et al., 2013;
Hess, 2013; Ornetzeder and Rohracher, 2013; Seyfang and
Haxeltine, 2012; Seyfang et al., 2014). A common finding relates
to the internal and external challenges that grassroots de-
velopments have when trying to survive in the conventional mar-
ket, with growth and replication towards wider adoption
remaining as an even harder challenge. A recent study of commu-
nity energy projects in the UK applies ‘Strategic Niche Manage-
ment’ theory to evaluate their extent as a truly potential niche
(Seyfang et al., 2014). Their findings observe that these initiatives
lack commercial power. Although normally equipped with signifi-
cant human capital, consolidating financial capital in order to scale
and successfully compete against other corporate players is hardly a
trait of grassroots developments. Nevertheless, grassroots initia-
tives are relevant since they are influential when introducing
innovative BMs with increased customer participation.

Irrespective of the differences between both of these groups,
their collective introduction of DERs is already making incumbent
utilities face challenges in several fronts. Increasing ownership of
renewable sources by these non-utility actors is leading to losses
in market share (Klose et al., 2010; Schoettl and Lehmann-Ortega,
2011a). In Germany alone, utilities lost almost 90% of the market
in renewable generation to third parties, representing around
24% of the total electricity generation market (AGEE-Stat, 2015;
RAP, 2015). Denmark, one of the world's leaders in wind en-
ergy, has over 80% of wind farms that are either individually or
cooperatively owned (Bolinger, 2001; Toke et al., 2008). These
incoming renewable generation sources, due to merit order
dispatch and a higher amount of excess capacity, produce profit
erosions to utilities by reducing wholesale prices and volumes
sold by higher marginal cost generators (Cludius et al., 2014;
McConnell et al., 2013). Examples of such disrupted utilities
include Alinta Energy from Australia, which recently announced
an early shutdown of its South Australia power stations due to
uneconomic performance resulting, primarily, from the state's
high renewable penetration in recent years (AlintaEnergy, 2015).
Incorporation of higher energy efficiency levels further erodes
utility profits due to demand contraction, while reduction in peak
demand events from demand response programs affects profit-
ability of gas fired peak plants (eLAB, 2013). In turn, development
and deployment of new DER technologies places pressure on
utilities to find BMs that can integrate them and maximize their
value. This is particularly challenging for established companies
whose BM and current technology are still profitable, whilst new
developments challenge existing practices (Christensen, 2013;
Sosna et al., 2010). Based on these challenging factors, several
large German utility firms announced that they will begin a
process to reconfigure their conventional BM (Schlandt, 2015).
This is also the case in Australia where large utilities have
announced similar developments. For example AGL, the oldest
Australian utility, underwent a corporate restructuring that in-
cludes investing in BM innovation for new renewable technology
as part of their strategic roadmap (AGL, 2015a). Within a span of
two years, it became one of the first large regime actors to pro-
vide the solar PPA BM for residential customers (Parkinson, 2015),
began offering distributed battery storage solutions (AGL, 2015b),
invested in Sunverge's battery aggregation BM (Kaye, 2016), and
announced it will cease to pursue exploration and production
of natural gas assets as a core business (AGL, 2016; Parkinson,
2016).

In essence, these studies suggest that BM innovation in distri-
bution networks, which involve distributed generation among
other services (with PV as its most iconic technology), are effec-
tively driving an emerging niche in modern power systems irre-
spective of the underlying technology. This is largely due to the
prowess of new commercial actors seizing the most market value
from regulatory conditions and a change in value proposition,
associated also with participation in grassroots and social-
networked BMs. Although still not a disruptive niche, given a lack
of commercial and financial power, these grassroots and social-
networked BMs might be critical to shifts in customer participa-
tion. The incumbent utility-side BM, an element of the socio-
technical regime level, is already showing signs of destabilization
with some actors undergoing initial reconfigurations. The right side
of Fig. 3 summarizes these main findings.

Based on these assumptions, we perform qualitative analyses of
selected examples of BM and particular firms that best represent
these three observations. We apply both BM andMLP framework to
understand the main components that are factors of disruption and
destabilization of these actors, or lack thereof. Namely, we examine
the BM of third party financing of distributed solar in the U.S.A.; the
BMwith active customer participation in its value chain, with focus
on P2P platforms and community projects; and finally the incum-
bent large utility BM.

4. Power system business models and the multilevel
perspective: illustrative examples

This section presents and discusses three illustrative examples
of transition-relevant BM using the MLP and the 9-point BM
decomposition. The main BM-elements are summarized in Table 1.

4.1. Financial innovation for niche scale: SolarCity U.S

Power Purchase Agreements (PPA) are common tools used to
manage risk and ensure financial stability in many energy project
developments, including large-scale renewables. But while con-
ventional forms involve a project developer selling energy to an
intermediate actor, in distributed solar the PPA is done directlywith
the residential or commercial end-user, as explained in the previ-
ous section. The main driver of this model could be attributed to its
value proposition, which can be phrased as: “Pay for the electricity
you consume, at a competitive rate, with no upfront cost.” This
value proposition is, in fact, the same as any conventional utility,
where customers have a ‘passive’ role, and pay only what they
consume. The value added difference is that this model involves a
low carbon energy transaction, a fixed cost of electricity, often for
20 years with only inflationary adjustments, and the creation of a
direct contact between the customer and the generation source.
Historically, the main roadblock of the conventional BM for
installing distributed PV systems has been attributed to the fact
that customers face the full upfront cost, effectively becoming fi-
nanciers of DERs (Frantzis et al., 2008). However, in a distributed
solar PPA, the developer bears the upfront costs of the installation
and retains ownership. This becomes a more capital intensive BM
for the developer, but with virtually zero capital cost for customers,
much like in centralized energy projects. Fig. 4 shows a schematic
diagram of the main dynamics and benefits involved in this model,
which essentially turn the PV system from a product into a service.

The model was originally pioneered by SunEdison in 2003 and
has been primarily implemented in the U.S.A.; receiving greater
stimulus with regulatory benefits. Aiming to increase renewable
capacity in the U.S.A., the government introduced or extended
several financial incentives and regulations by 2008 that acted as
catalysts for the development of distributed solar (Haley and
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Schuler, 2011). One of the most important incentives is the In-
vestment Tax Credits (ITC), which offers a 30% tax credit for the
total amount of capital invested in a PV project. Other federal in-
centives include a system for accelerated depreciation of the
invested assets,3 as well as specific cash grants for solar projects.
Additionally, each state and local government may provide their
own incentive in the form of grants, loans and rebates in order to
achieve their own renewable portfolio goals4 (Hughes and
Podolefsky, 2015). Finally, many states introduced laws for ‘net
metering,’which unlike a Feed-In Tariff, allows a customer with PV
to exchange the surplus energy fed into the grid for a credit or offset
of the energy purchased from the utility provider within the same
billing period. Overall, these policy provisions help alleviate the
upfront PV costs for home or commercial owners. But more
importantly, they have been essential for solar developers to sus-
tain the capital intensive PPA model, required to target home-
owners for which even a subsidized upfront cost of PV is high or
inconvenient. In fact, on top of the low-cost passive value propo-
sition, the second driver of the solar PPA has been the financial
innovation that solar developers used to maximize the benefits of
these regulations (Mendelsohn et al., 2012).

Arguably a good example of a successful BM driving distributed
solar projects with PPA is that of SolarCity Corporation, currently
the largest U.S. solar company by 2014 revenue and market share
(GTM, 2014). The three essential pillars for SolarCity's success and
locus of BM innovation can be attributed to its: i) creative use of
financial partnership structures to access large-scale capital; ii)
aggressive sales and downstream partnerships to achieve scale in
installation demand; and iii) a complete vertical integration of its
value chain in order to minimize costs. Because of the nature of
third-party PPA, financial innovation can be considered the most
important factor since it's a prerequisite that drives the other two.

Founded in 2006 with $10M in venture capital, SolarCity ac-
quired two local solar companies its first year of operation and
began offering PPA and leasing as financial products, promoting its
low capital cost value proposition (Newswire, 2006). By 2012, being
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Fig. 4. Distributed Solar PPA. Comparison of the PPA with the conventional scenario
where customers must invest in the upfront cost of the PV system. Representation of
the economic value proposition for customers with a PPA. Own illustration based on
information cited in Section 4.1.

3 See, for example, the MACRS programs applicable for solar assets: www.irs.gov/.
4 See, for example, California Solar Initiative andother states atwww.dsireusa.org/.
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already a frontrunner in national solar installations, it launched its
Initial Public Offering (i.e. IPO) raising $92M from the stock market
(SolarCity, 2012). However, the most important source of capital
used to finance PV projects has been with tax equity investments.
This form of financing, previously used in some wind projects, has
now become a standard practice of the largest solar developers in
the U.S (Mendelsohn et al., 2012). Since solar companies have very
little ‘tax liability,’ in that they are not faced with large tax costs
from profits, they cannot make full use of the 30% tax credit offered
by the federal ITC. Therefore, solar companies began partnering
with even larger, normally financial institutions, which are tax
liable and can make full use of the solar tax credits (Lutton, 2013).
The most common form of tax equity capital received by SolarCity
involvewhat are called ‘partnership flips.’ SolarCity and a tax equity
investor form a joint venture partnership to finance residential or
commercial solar installations under a PPA. Investors provide most
of the capital to the fund, pre-establish a desired return on their
investment and, for at least the first 5 years retain most, if not all of
the tax benefits by using them in their own balance sheets. Once
the investor obtains its desired financial goal, SolarCity has the right
to buy the investor's position in the fund (i.e. the “flip”) and retain
the cash benefits that the remaining PPA contracts provide. By
2015, SolarCity has manage to capture an accumulated $3B in tax
equity financing via partnerships with large corporations such as
Google, Bank Of America, and GoldmanSachs (GTM, 2015; SolarCity,
2015b).

Tax equity structures produce returns-to-scale dynamics worth
noticing. Due to the scale and complexity required, most tax eq-
uity investors will only join these partnerships if they can finance
at least $75e100 million worth of solar projects within one year
(Lutton, 2013). For the residential sector, in order to make full use
of the funds, this requires ensuring that several thousand financed
PV systems will be installed consistently in a relative short period
of time. Only solar companies that have enough sale and instal-
lation capacity can therefore access such large-scale financing. As
such, SolarCity's BM focused on maximizing tax equity in-
vestments by having an aggressive sales strategy through multiple
channels. For example, besides conventional forms of sales
through online marketing and customer referrals, it partnered
with homebuilders, large home developers like Pulte homes, and
home improvement businesses such as HomeDepot, BestBuy and
DirectTV which had already established access to homeowners
(SolarCity, 2015a). This large networked sales strategy also
increased the company's sales costs by 20% since its initial public
offering (IPO), but was the only cost factor per installed solar Watt
to have increased. In order to keep costs down, SolarCity, as well
as other major developers, have recently become fully vertically
integrated solar businesses.

Prior to the liberalization of electricity markets, most utilities
had a vertically integrated BM controlling generation, trans-
mission and distribution. These were kept as regulated monop-
olies since they ensured lower costs, maintaining the value
proposition of reliable and affordable electricity. Similarly,
SolarCity is now responsible for its entire solar value chain, having
no transmission and distribution. In 2013, it acquired Silevo, a PV
module manufacturer, in order to finalize its full integration
covering module production, sales, finance, installation and full-
lifespan maintenance, given it retains ownership of the solar as-
sets. By being involved in all steps of the process, the company has
been able to incorporate innovations in steps like PV mounting
hardware (e.g. acquiring Zep Solar in 2013), alternative forms of
leasing (Arfin, 2011), and software development in order to in-
crease operation yields and reduce costs. Furthermore, this vertical
integration has allowed SolarCity to further innovate in its BM by
essentially dividing the company into two: a development

company, which sells and installs systems, and a power company,
which manages the generation assets selling electricity to
customers.

At the time of this writing, SolarCity, has absorbed over 35% of
the solar market share in the U.S., installed a cumulative PV port-
folio of over 1.4 GW, and holds over $7.7B contracted remaining
payments, ranging among its quarter of a million clients (GTM,
2014; SolarCity, 2015c). Alongside its strong competitors like Viv-
int and FirstSolar, this customer-side solar sector has already been
recognized as a disruptive niche (GTM/SEIA, 2014). Regime actors,
which include U.S. largest utility companies, are already reacting to
this threat. Although somehow harnessed from losses in electricity
markets from state regulatory systems that decouple prices in order
to protect customers and utilities (Kushler et al., 2006), the rapid
loss in market share has made them lobby against the regulations
largely responsible for catalyzing the rise of the solar niche,
particularly the ITC and the net metering regulations (Farkas, 2012).
In response, major solar developers have united through consoli-
dated Industry associations to lobby in favor of regulations that
allow PPA models to thrive.

While in the third-party solar PPA BM, the end-user can be
considered a passive customer since it does not finance, own, nor is
required to bear maintenance cost of the system, other BMs have
developed in parallel where customers are not only active but an
essential actor of the value chain.

4.2. A socially active niche: rise of the P2P and community energy

Sociotechnical landscape shocks can introduce social discomfort
that encourages some citizens to unitewith a specific social agenda.
Grassroots innovations can emerge under these circumstances,
often helping introduce innovative BMs and political pressure to-
wards sustainability (Ornetzeder and Rohracher, 2013). Modern
wind energy in Denmark, for example, can be traced back to the
OPEC oil embargo of 1974 (Danielsen and Halkier, 1995). With high
oil prices, early discussions of developing nuclear energy for the
country triggered the organization of local wind advocates that
began experimenting with wind turbines to prove an alternative
and safer form of energy. Climate change and the notion of ‘peak oil’
encouraged the beginning of several community energy projects in
Europe (Bailey et al., 2010), whilst the global financial crisis influ-
enced the acceleration of ‘sharing economy’ P2P Internet platforms
(Botsman and Rogers, 2011). An underlying factor in these de-
velopments is active customer participation at a local level in
response to a social need. From a BM perspective, this translates
into customer co-participation in the value creation process, and a
value proposition with a specific social agenda.

Socially active BMs are particularly relevant for the low carbon
power system transition for at least two reasons. First, they form
the backbone of community energy projects, which have proven to
be successful in introducing decentralized clean energy supply in
power networks of selected countries. Over 50% of Germany's
renewable energy projects are community or locally-owned by
citizens or cooperatives (ObservER, 2014). Depending on the nature
of the project, these show commercial advantages over conven-
tional private projects, such as in providing lower costs of capital,
improving social acceptance of technology and accelerated
municipal approval of energy developments (Bolinger, 2001;
Maruyama et al., 2007). Second, customer-side BMs with user
participation are essential in the value chain of a smarter and
responsive power network hosting demand response programs.
Just like theWeb 2.0 introduced a two-way flow of information and
user participation compared to its 1.0 counterpart (Carroll and
Romano, 2010), a 2.0 power network with a resilient two-way
flow of electrons will also require degrees of end-user interaction
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(Geelen et al., 2013; Goulden et al., 2014). BMs for demand response
and smart grids are increasing source of research and entrepre-
neurial interest (Rodríguez-Molina et al., 2014). Understanding
customer participation in BMs will be increasingly important as
electricity networks continue to incorporate DERs (Verbong et al.,
2013).

By applying the BM framework, specific traits can be found in
customer-side BM with active user participation. Table 1 summa-
rizes them in comparison to the other reviewed BM. A common
trait among variations of their value proposition is increasing the
level of local ownership (Hess, 2009). Therefore key resources in
the BM are in fact the customer's assets, such as its product,
financial power or even its knowhow, and the underlying social
network that brings these together. The key activities become the
actual P2P interactions, which organize around finding mutual
opportunities. Whereas the conventional distribution channel to
deliver these valued activities and interactions between customers
was historically done through local assemblies and physical in-
teractions, most of these have now evolved into P2P internet
platforms that can host multiple interactions at virtually no extra
cost (Bauwens, 2005a). Because of this, the most important BM
partnerships are mostly internal, among customers and members,
rather than with external parties. However, local governments are
frequently sought, and even required, as strategic partners. The
customer segment of these BMs is one of the most specific traits
since it involves users that are willing to be active and participate.
This is a stark contrast with the solar PPA, shown previously, where
customers are virtually passive.

When analyzing revenue and cost structures, as well as varia-
tion of the value proposition, two generic BMswith active customer
participation can be distinguished. On one hand, those that are
driven by an economic value proposition, such as optimization of
resources for a product or service at a lower cost. These tend to
provide improved commercial activity through joint value crea-
tions. On the other hand, there are those driven by addressing a
specific social agenda. Nevertheless, both can be initially fostered
by grassroots innovations. Modern car sharing BMs, for example,
have evolved from initial grassroots developments in Switzerland,
with first documented cases dating back to 1948 (Shaheen et al.,
1998). The emerging and disruptive P2P economy is lead by
profit-driven corporations, such as Airbnb and Uber, but they owe
their innovative BM to initial local civil organizations seeking to
maximize the value of their resources (e.g. reducing idle time)
(Bauwens, 2005b). In fact, a main difference of the professional P2P
corporationwith the grassroots organization, is in its BM (Bauwens,
2009). In the former, the organization is a third-party that provides,
organizes, administers and improves the P2P Internet platform in
exchange for a service fee. Maximizing profit from an opportunity is
the underlying purpose of a P2P corporation. Grassroots P2P net-
works, on the contrary, organize and administer themselves
covering operating costs in order to maximize the value for their
members. Furthermore, its purpose is measured based on howwell
it can address a specific social or environmental issue.

This niche is important since it's a source for radical BM inno-
vation and can be an agent of influence in larger societal systems
(Ornetzeder and Rohracher, 2013). However they are yet to be
disruptive in the transition of the power networks. P2P-based firms
have been disruptive in other sociotechnical systems, but de-
velopments in distributed energy have not achieved significant
‘viral’ effect. This can be attributed to the heavily regulated nature
and lock-in of the electricity system, resisting incorporation of
more participative BM. Nevertheless some promising examples are
worth noting. The U.S. is seeing the birth of different solar based
P2P BM. Mosaic, for example, uses a crowdfunding system to
connect individual investors with homeowners that wish to have,

but can't afford, a PV system (Chernova, 2013). Clean Energy Col-
lective also uses crowdfunding but for regional members that wish
to finance, own and operate a larger community-based solar sys-
tems and have their individual utility bills directly benefit from the
production of this collective system (Coughlin et al., 2012; Sweet,
2015). Yeloha, on the other hand, uses a P2P platform to connect
solar hosts, that can provide their rooftop for a PV system instal-
lation, with solar ‘partners’ that wish to finance and benefit from
solar but have no physical rooftop access (Whitford, 2015). Euro-
pean examples tend to be less confined to solar PV systems, largely
given a historic presence of community wind and biogas projects.
Qurrent from the Netherlands, for example, enables local electricity
exchange between participants, allows them to crowdfund com-
munity windfarms and empowers them to manage their own en-
ergy. In turn, the company is a good example of a hybrid
corporation since its a wholly owned subsidiary of a non-profit
foundation, and are explicit about not having a shareholder maxi-
mization paradigm (Ceschin, 2013; DOEN, 2016).

Grassroots energy projects are extremely influential, but
currently fail to achieve significant commercial scale in order to be
classified as a disruptive niche (Seyfang et al., 2014). Although P2P-
based energy is nascent, they are a potential source of future
disruptive innovation in the socio-technical regime. As a result,
further research is required in order to understandhow to overcome
the major roadblocks faced by these developments that, as pointed
out, are central to a demand responsive low carbon power network.

4.3. Initial utility BM destabilization: RWE, Germany

Germany is the largest power generator in Europe (ObservER,
2014). Its Energiewende5 is considered one of the most mature
energy transition policy projects in the world. Renewables
currently represent over 50% of the installed capacity (Fraunhofer,
2015). Although it is well-regarded for its ambitious environ-
mental targets and green policy interventions, almost 90% of the
electricity market is controlled bywhat are known as the “Big 4,” an
oligopoly of vertically integrated multinational corporations: RWE,
E.On, EnBW and Vattenfall (Sühlsen and Hisschem€oller, 2014). This
concentration is mostly due to the liberalization of its electricity
market in 1998 with the Energy Industry Act (i.e. EnWG). It pro-
duced favorable conditions and opportunities for firms to focus on
large-scale supply, expand activities beyond borders, and undergo
mergers and acquisitions leading to these dominant actors forming
the backbone of the energy regime (Kungl, 2014; Ratinen and Lund,
2014). When the Renewable Energy Sources Act (i.e. EEG), the main
regulatory structure behind the Energiewende, was established in
2000, it hardly encouraged these actors to shift strategies or BM
towards cleaner alternative. Instead, theymaintained their focus on
a fossil-nuclear supply portfolio, and lobbied against environ-
mental regulations (Sühlsen and Hisschem€oller, 2014). Since then,
with the progression of the energy transition, several multi-level
factors are making this regime lose resilience, destabilizing the
firm's underlying BM (Strunz, 2014).

RWE is a useful example to study these incumbent utilities.
Established in 1898, the firm is the leader and oldest actor of the
German electricity market. Its vertical integration covers activities
and resources in lignite production, power generation, trading,
distribution network operation, and retail (RWE, 2014b). Its value
proposition is based on the conventional utility-side BM of bulk
and reliable supply, but also on its trustworthiness and high-
performance from its long history. Because of its high level of
vertical integration, the degree of partnerships with external

5 The German term for ‘energy transition.’
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parties is low. It does, however, include long-term agreements
with power plants not owned by the group. Furthermore, as
opposed to the other Big 4, it holds strong social ties and
municipal shareholders favoring regional interests; factors that
suggest a reduction in the likelihood of drastic diversification and
organizational restructuring of the BM (Ratinen and Lund, 2014).
Its customer segment builds on this traditional history and can be
characterized as the conventional passive utility customer. Only as
of 2007 did wind projects capture an increased interest and lead
to the development of a specific unit, RWE Innogy: a utility-side
developer of renewable projects with a strong focus on wind-
farms. Yet, as of 2014 RWE electricity production in Germany is
composed primarily by lignite (52%), followed by nuclear (21%),
hard coal (20%), gas (4%) and only 1% renewables (RWE, 2014a).
The revenue stream from this generation portfolio is largely
dependent on wholesale electricity prices, fuel costs and emission
allowances.

As in the rest of German energy regime, RWE experiences
regime challenges in at least three fronts. Namely, the nuclear
phase-out, the rapid increase in renewable market share by non-
utility actors, and the erosion of wholesale electricity prices. The
Fukushima nuclear disaster in 2011 also acted as a landscape shock.
It accelerated the 2002 amendment of the Atomic Energy Act,
ordering immediate decommissioning of the country's oldest eight
nuclear reactors, a stepwise phase-out of the remaining plants by
2022, and a strengthening of policies towards renewables
(Wittneben, 2012). The Big 4, being owners of all nuclear power
plants in Germany, were the most vulnerable to this amendment.
RWE had to shut down 2 of its 5 plants, losing a stable source of
revenue and incurring decommissioning costs. These incumbents
have resisted drastic changes in the regulatory environment with
activities that include aggressive and professional lobbying. But
once public perception was affected, as it was with Fukushima,
these activities had to be revisited in order to protect corporate
image and political bargaining power; suggested to have already
been affected by this shock (Strunz, 2014; Sühlsen and
Hisschem€oller, 2014).

In the case of market share loss by the hand of non-utility
renewable developers and customers, no direct costs are
incurred, but revenue losses from third-party competition pro-
duced pressures to develop a degree of ambidexterity in themarket
(Richter, 2013a). This is challenging for customer-side BMs, which
involve different dynamics and capabilities than the bulk utility-
side counterpart (Richter, 2013b). As demand response programs,
DER aggregation and distributed storage take a critical role in
balancing a market with high penetration of renewables, large
utility firms like RWE will have to develop BMs that do not belong
to their historical core business.

Even though these two described challenges are significant, the
erosion of the German wholesale price is the most meaningful
systemic signal of regime destabilization to highlight. Germany's
market is particularly exposed to this effect only because its energy
transition is mature; political proactivity lead to high penetration of
renewables. Energy efficiency and a high penetration of variable
renewables affect wholesale prices in competitive markets and
thus disrupt revenue streams of incumbent utilities (Sensfuss et al.,
2008). The sharp increase of PV penetration by 2010 and 2011
accelerated the “merit-order-effect” in Germany (Cludius et al.,
2014). It is likely that wholesale price exposure of RWE was not
as significant given backlogged price agreements for its generation
up to 2012 (Kungl, 2014). By 2013, however, the exposure to prices
was indeed more severe, becoming a main factor in the company's
negative net income of V2.8 billion (RWE, 2013). Fig. 5 shows a
generic representation of how efficiency and centralized, decen-
tralized and behind-the-meter renewables have reduced wholesale

prices, affecting RWE's profit margins of conventional generators
and peak-plants.

These dynamics also have negative repercussions on renewable
generators and customers (Hirth, 2013). In fact, since this market
effect is expected with the rise of the renewable niche, this could
have long-term implications on the electricity market design that
would yield further destabilization of the incumbent BM6 (BDEW,
2013; Wassermann et al., 2015). In 2013, RWE publicly
announced a change in its BM, understanding that the new market
conditions are somehow irreversible (Beckman, 2013). E.On had a
similar announcement (Jeevan Vasagar, 2015). Since then, RWE has
made significant interventions on its cost structure and announced
a strategy shift towards renewables and customer preferences
(RWE, 2014a). Nevertheless, it is perhaps too soon to observe or
predict the extent of the reconfiguration of its historical BM.

5. Conclusions

International negotiations to establish stricter climate targets
and foster national energy transition projects may foster new in-
vestments and reductions in technology costs. However, our anal-
ysis suggests that BMs need to be considered as a critical aspect in
the acceleration of this process and should be attended to accord-
ingly. A positive feedback can be traced between disruptive BM
innovation and the disrupted incumbent BM; a dynamic that can
drive sociotechnical transitions.

We have shownhere that a change in value proposition can target
a previously untapped mainstream customer segment, as shown

Fig. 5. The Merit-Order effect. Stylized graphical representation of the market effect
responsible for the destabilization of the German utility BM through the erosion of
wholesale prices.

6 The eventual requirement of a revision or redesign of electricity markets is an
on going debate.
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with the example of third party financing and ownership of distrib-
uted solar PV. This tendency attracts partnerships with the financial
sector, which is significant for enabling niche actors to scale up.
Collectively, they can help remove barriers to large-scale incorpora-
tion of DERs. Furthermore, a higher penetration of DERs and variable
renewables can lead to a direct destabilization of the incumbent
utilityBMthrough themerit order effect in the electricitymarket. The
more incumbents are forced to reconfigure their BM, the faster the
power system undergoes a change in its paradigm, further acceler-
ating this process. Eventually, systemic changes can occur, driven by
revisions of the electricity market structure when faced with high
presence of variable renewables and the changed distribution of key
resources along the electricity supply chain.

Since the changes in the power system paradigm involve a more
distributed, dynamic and participative nature, it presents further
challenges to the incumbent BM, designed for a strictly centralized
and customer-passive system. These changes produce opportu-
nities for BMs with increased customer participation, such as
grassroots initiatives or more corporate oriented P2P-based BMs.
We suggest these are ‘relevant’ niche actors given they have po-
tential, but are yet to achieve scale and consolidate a market share.
Because of these dynamics, we expect BMs to increasingly act as
essential drivers of this transition.

The use of a conceptual framework combining BMs with soci-
otechnical transition theory from a multilevel perspective has
proven to be useful in highlighting specific dynamics in the low
carbon power system transition. We suggest that analysis of BMs,
therefore, should hold an increasingly important role in future
transition studies research. In turn, the paper shows how theMLP is
useful for understanding the application of BM theory in the actor
dynamics of the power system. In other words, the incorporation of
MLP theory into BM theory, and vice versa, allows for a better
understanding of how the low carbon sociotechnical transitions
intersect with well-revised business dynamics such as creative
destruction, innovator's dilemma, and the Porter hypothesis. In
fact, our study encourages drawing out and further studying the
following proposition, which has meaningful practical implications
for managers and regulators:

‘If power system conditions allow for innovative financial
schemes, a two-way integration of DERs, and systems that reward
customer participation and socially-driven firms; then BM inno-
vation and competitiveness will accelerate its transformation to a
low carbon and resilient state.’

Implications for national and subnational policymakers (regime
actors) include ensuring the corresponding regulatory conditions
are met in their respective electricity networks, and work in line
with stricter environmental/carbon regulations that must come
from the geopolitical (landscape) policy level. Implications for
managers of regime and niche organization include having the
flexibility to revise their value proposition and external partner-
ships in order to develop BMs that can better anticipate customer
needs. Ultimately, this process could bring about a change inwealth
and a shift in the power system infrastructural landscape and
paradigm, from overly centralized to a mixed distributed nature.

This work, therefore, presents interesting opportunities for a
research agenda in both business and sociotechnical transitions
studies. If, in fact, grassroots and P2P initiatives could have a central
and disruptive role in the power system shift towards a smarter and
responsive grid, what exactlywould this role be in terms of tangible
BMs? How can these BMs achieve scale for a true disruptive in-
fluence? In parallel to the notion of active customers, if indeed
another big segment of the mainstream market seeks low capital
cost models such as the PPA, what other BM and regulatory factors
could be considered to incentivize the financial system to have a
central role in DER or low carbon energy financing? Finally, to what

extent can the large utility BM actually reconfigure and adapt
without being severely affected by a large number of costly
underutilized centralized assets? How will possible changes in
modernized electricity market design further affect this utility BM
adaptation? These are all questions that point to the importance of
understanding business models as a driver of the low carbon power
system transition.

References

AGEE-Stat, 2015. Development of Renewable Energy Sources in Germany 2014,
Charts and Figures Based on Statistical Data from the Working Group on
Renewable Energy-statistics (AGEE-stat), as at February 2015. BMWI.

Aghaei, J., Alizadeh, M.-I., 2013. Demand response in smart electricity grids
equipped with renewable energy sources: a review. Renew. Sustain. Energy Rev.
18, 64e72.

AGL, 2015a. AGL Annual Report 2015. Annual Report. http://www.agl.com.au.
https://www.agl.com.au/e/media/AGL/AboutAGL/Documents/InvestorCentre/
150826_AnnualReport_1466512.pdf.

AGL, 2015b. In: Lamond, K. (Ed.), AGL is First Major Retailer to Launch Battery
Storage. http://www.agl.com.au. https://www.agl.com.au/about-agl/media-
centre/article-list/2015/may/agl-is-first-major-retailer-to-launch-battery-
storage.

AGL, 2016. In: Rizgalla, N. (Ed.), Review of Gas Assets and Exit of Gas Exploration
and Production. agl.com.au. https://www.agl.com.au/about-agl/media-centre/
article-list/2016/february/review-of-gas-assets-and-exit-of-gas-exploration-
and-production.

AlintaEnergy, 2015. In: Alinta (Ed.), Flinders Operation Announcement. https://
alintaenergy.com.au/about-us/news/flinders-operations-announcement.

Amit, R., Zott, C., 2001. Value creation in e-business. Strateg. Manag. J. 22, 493e520.
Andersson, M., Hjalmarsson, A., Avital, M., 2013. Peer-to-peer service sharing

platforms: driving dhare and dhare alike on a mass-scale. In: International
Conference of Information Systems. Association for Information Systems, Milan,
Italy.

Arfin, D., 2011. Methods for Financing Renewable Energy Systems. (Google Patents).
Baden-Fuller, C., Morgan, M.S., 2010. Business models as models. Long Range Plan.

43, 156e171.
Bailey, I., Hopkins, R., Wilson, G., 2010. Some things old, some things new: the

spatial representations and politics of change of the peak oil relocalisation
movement. Geoforum 41, 595e605.

Bauwens, M., 2005a. P2P and human evolution: peer to peer as the premise of a
new mode of civilization. . Ensaio, rascunho, 1.

Bauwens, M., 2005b. The political economy of peer production. CTheory, 1.
Bauwens, M., 2009. Class and capital in peer production. Cap. Cl. 33, 121e141.
BDEW, 2013. The Pathway to New Market Structures for the Success of the Energy

Transition (Energiewende). BDEW German Association of Energy and Water
Industries.

Beckman, K., 2013. In: EnergyPost (Ed.), Exclusive: RWE Sheds Old Business Model,
Embraces Transition. EnergyPost. http://www.energypost.eu/exclusive-rwe-
sheds-old-business-model-embraces-energy-transition/.

Belk, R., 2014. You are what you can access: sharing and collaborative consumption
online. J. Bus. Res. 67, 1595e1600.

Bidmon, C.M., Knab, S., 2014. The three roles of business models for socio-technical
transitions. In: XXV ISPIM Conference, Dublin, Ireland, June 8-11, 2014. Winner
of the Aalto University That's Interesting! Award.

Biello, D., 2014. Fight over Rooftop Solar Forecasts a Bright Future for Cleaner En-
ergy. Scientific American. http://www.scientificamerican.com/article/fight-
over-rooftop-solar-forecasts-a-bright-future-for-cleaner-energy/.

Bocken, N.M.P., Short, S.W., Rana, P., Evans, S., 2014. A literature and practice re-
view to develop sustainable business model archetypes. J. Clean. Prod. 65,
42e56.

Bolinger, M., 2001. Community Wind Power Ownership Schemes in Europe and
Their Relevance to the United States. Lawrence Berkeley National
Laboratory.

Boons, F., Lüdeke-Freund, F., 2013. Business models for sustainable innovation:
state-of-the-art and steps towards a research agenda. J. Clean. Prod. 45, 9e19.

Boons, F., Montalvo, C., Quist, J., Wagner, M., 2013. Sustainable innovation, business
models and economic performance: an overview. J. Clean. Prod. 45, 1e8.

Botsman, R., Rogers, R., 2011. What's Mine is Yours: How Collaborative Consump-
tion is Changing the Way We Live (Collins London).

Bumpus, A., Tansey, J., Henríquez, B.L.P., Okereke, C., 2014. Carbon Governance,
Climate Change and Business Transformation. Routledge.

Carroll, E., Romano, J., 2010. Your Digital Afterlife: when Facebook, Flickr and
Twitter Are Your Estate, What's Your Legacy? New Riders.

Ceschin, F., 2013. Critical factors for implementing and diffusing sustainable
product-Service systems: insights from innovation studies and companies'
experiences. J. Clean. Prod. 45, 74e88.

Charitou, C.D., Markides, C.C., 2012. Responses to disruptive strategic innovation.
MIT Sloan Manag. Rev. 44 (2), 55e64.

Chernova, Y., 2013. Want to invest a few hundred bucks in a solar project? Mosaic
opens crowdfunding platform. Wall Str. J. WSJ. http://blogs.wsj.com/

M.E. Wainstein, A.G. Bumpus / Journal of Cleaner Production 126 (2016) 572e585 583

http://refhub.elsevier.com/S0959-6526(16)00284-5/sref1
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref1
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref1
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref2
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref2
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref2
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref2
http://www.agl.com.au
https://www.agl.com.au/%7E/media/AGL/AboutAGL/Documents/InvestorCentre/150826_AnnualReport_1466512.pdf
https://www.agl.com.au/%7E/media/AGL/AboutAGL/Documents/InvestorCentre/150826_AnnualReport_1466512.pdf
https://www.agl.com.au/%7E/media/AGL/AboutAGL/Documents/InvestorCentre/150826_AnnualReport_1466512.pdf
http://www.agl.com.au
https://www.agl.com.au/about-agl/media-centre/article-list/2015/may/agl-is-first-major-retailer-to-launch-battery-storage
https://www.agl.com.au/about-agl/media-centre/article-list/2015/may/agl-is-first-major-retailer-to-launch-battery-storage
https://www.agl.com.au/about-agl/media-centre/article-list/2015/may/agl-is-first-major-retailer-to-launch-battery-storage
http://agl.com.au
https://www.agl.com.au/about-agl/media-centre/article-list/2016/february/review-of-gas-assets-and-exit-of-gas-exploration-and-production
https://www.agl.com.au/about-agl/media-centre/article-list/2016/february/review-of-gas-assets-and-exit-of-gas-exploration-and-production
https://www.agl.com.au/about-agl/media-centre/article-list/2016/february/review-of-gas-assets-and-exit-of-gas-exploration-and-production
https://alintaenergy.com.au/about-us/news/flinders-operations-announcement
https://alintaenergy.com.au/about-us/news/flinders-operations-announcement
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref7
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref7
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref8
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref8
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref8
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref8
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref10
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref10
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref10
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref11
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref11
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref11
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref11
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref12
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref12
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref13
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref14
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref14
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref15
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref15
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref15
http://www.energypost.eu/exclusive-rwe-sheds-old-business-model-embraces-energy-transition/
http://www.energypost.eu/exclusive-rwe-sheds-old-business-model-embraces-energy-transition/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref17
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref17
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref17
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref18
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref18
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref18
http://www.scientificamerican.com/article/fight-over-rooftop-solar-forecasts-a-bright-future-for-cleaner-energy/
http://www.scientificamerican.com/article/fight-over-rooftop-solar-forecasts-a-bright-future-for-cleaner-energy/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref20
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref20
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref20
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref20
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref21
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref21
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref21
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref22
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref22
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref22
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref23
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref23
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref23
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref24
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref24
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref25
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref25
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref26
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref26
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref27
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref27
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref27
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref27
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref28
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref28
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref28
http://blogs.wsj.com/venturecapital/2013/01/08/want-to-invest-a-few-hundred-bucks-in-a-solar-project-mosaic-opens-crowdfunding-platform/


venturecapital/2013/01/08/want-to-invest-a-few-hundred-bucks-in-a-solar-
project-mosaic-opens-crowdfunding-platform/.

Chesbrough, H., 2007. Business model innovation: it's not just about technology
anymore. Strategy Leadersh. 35, 12e17.

Chesbrough, H., 2010. Business model innovation: opportunities and barriers. Long
Range Plan. 43, 354e363.

Chesbrough, H.W., Appleyard, M.M., 2007. Open Innovation and Strategy.
Chesbrough, H., Rosenbloom, R.S., 2002. The role of the business model in capturing

value from innovation: evidence from Xerox corporation's technology spin-off
companies. Ind. Corp. Change 11, 529e555.

Christensen, C., 1997. The Innovator's Dilemma: when New Technologies Cause
Great Firms to Fail. Harvard Business Review Press.

Christensen, C., 2013. The Innovator's Dilemma: when New Technologies Cause
Great Firms to Fail. Harvard Business Review Press.

Christensen, C.M., Raynor, M.E., 2003. The Innovator's Solution. Harvard Business
Press.

Cludius, J., Hermann, H., Matthes, F.C., Graichen, V., 2014. The merit order effect of
wind and photovoltaic electricity generation in Germany 2008e2016 estima-
tion and distributional implications. Energy Econ. 44, 302e313.

Coughlin, J., Grove, J., Irvine, L., Jacobs, J.F., Phillips, S.J., Sawyer, A., Wiedman, J.,
2012. A Guide to Community Shared Solar: Utility, Private, and Nonprofit
Project Development. US Department of Energy, SunShot Initiative. DOE/GO-
102012e3569.

Crang, M., 2005. Qualitative methods (part 3): there is nothing outside the text?
Progress Hum. Geogr 29, 225e233.

Dangerman, A.T.C.J., Schellnhuber, H.J., 2013. Energy systems transformation. Proc.
Natl. Acad. Sci. 110, E549eE558.

Danielsen, O., Halkier, B., 1995. Renewable Energy in the Danish Energy System:
from Small Experiments to Full Scale Energy Plants : Danish Contribution to the
Projekt Pathways from Small Scale Experiments to Sustainable Regional
Development. Roskilde University. “Express Path”, CEC Contract No. EV5V-
CT92-0086.

Dees, G.A. Beth, 2003. For-profit social ventures. Int. J. Entrepreneursh. Educ. 2.
DOEN, 2016. Qurrent. In: Foundation, D. (Ed.), DOEN Projects. http://www.doen.nl/

web/projecten-die-we-DOEN/Groen/Qurrent-1.htm.
eLAB, 2013. New Business Models for the Distribution Edge. Rocky Mountain

Institute.
Elzen, B., Geels, F., Hofman, P., 2002. Sociotechnical Scenarios (STSc): Development

and Evaluation of a New Methodology to Explore Transitions towards a Sus-
tainable Energy Supply.

Esposito, R.T., 2012. Social Enterprise revolution in corporate law: a primer on
emerging corporate entities in Europe and the United States and the case for
the benefit corporation. Wm. Mary Bus. L. Rev. 4, 639.

Evans, J.P., 2011. Environmental Governance. Routledge.
Farkas, S., 2012. Third-party PPAs: unleashing America's solar potential. J. Land Use

Environ. Law 28, 91e118.
Frankel, D., Ostrowski, K., Pinner, D., 2014. The Disruptive Potential of Solar Power.

McKinsey Quarterly, April.
Frantzis, L., Graham, S., Katofsky, R., Sawyer, H., 2008. Photovoltaics Business

Models. National Renewable Energy Laboratory Burlington.
Fraunhofer, 2015. Net Installed Electricity Generation Capacity in Germany. Energy

Charts. Fraunhofer ISE.
Frei, C.W., 2008. What if…? Utility vision 2020. Energy Policy 36, 3640e3645.
Geelen, D., Reinders, A., Keyson, D., 2013. Empowering the end-user in smart grids:

recommendations for the design of products and services. Energy Policy 61,
151e161.

Geels, F.W., 2002. Technological transitions as evolutionary reconfiguration pro-
cesses: a multi-level perspective and a case-study. Res. Policy 31, 1257e1274.

Geels, F.W., 2004. From sectoral systems of innovation to socio-technical systems.
Res. Policy 33, 897e920.

Geels, F.W., 2005. Technological Transitions and System Innovations: a Co-
evolutionaryand Socio-technical Analysis. Edward Elgar Publishing, Incorporated.

Geels, F.W., 2011. The multi-level perspective on sustainability transitions: re-
sponses to seven criticisms. Environ. Innov. Soc. Transit. 1, 24e40.

Geels, F.W., 2012. A socio-technical analysis of low-carbon transitions: introducing
the multi-level perspective into transport studies. J. Transp. Geogr. 24,
471e482.

Geels, F.W., 2014. Regime resistance against low-carbon transitions: introducing
politics and power into the multi-level perspective. Theory Cult. Soc. 31, 21e40.

Gelbmann, U., Hammerl, B., 2014. Integrative re-use systems as innovative business
models for devising sustainable producteservice-systems. J. Clean. Prod. 97,
50e60.

George, G., Bock, A.J., 2011. The business model in practice and its implications for
entrepreneurship research. Entrepreneursh. theory Pract. 35, 83e111.

Goulden, M., Bedwell, B., Rennick-Egglestone, S., Rodden, T., Spence, A., 2014. Smart
grids, smart users? The role of the user in demand side management. Energy
Res. Soc. Sci. 2, 21e29.

Grin, J., Rotmans, J., Schot, J., 2010. Transitions to Sustainable Development: New
Directions in the Study of Long Term Transformative Change. Taylor & Francis.

GTM, R., 2014. U.S. PV Leaderboard. GTM Research.
GTM, R., 2015. Which residential solar firms have raised the most tax equity? In:

Pyper, J. (Ed.), Greentechmedia. http://www.greentechmedia.com/articles/read/
where-did-tax-equity-investors-spend-money-in-2014.

GTM/SEIA, 2014. Solar Market Insight. GTM Research. http://www.greentechmedia.
com/research.

Haley, U.C.V., Schuler, D.A., 2011. Government policy and firm strategy in the solar
photovoltaic industry. Calif. Manag. Rev. 54, 17e38.

Halinen, A., T€ornroos, J.-Å., 2005. Using case methods in the study of contemporary
business networks. J. Business Res 58, 1285e1297.

Hargreaves, T., Longhurst, N., Seyfang, G., 2013. Up, down, round and round: con-
necting regimes and practices in innovation for sustainability. Environ. Plan. A
45, 402e420.

He, X., Delarue, E., D'Haeseleer, W., Glachant, J.-M., 2011. A novel business model for
aggregating the values of electricity storage. Energy Policy 39, 1575e1585.

Hess, D., 2009. Localist Movements in a Global Economy. MIT Press, Cambridge, MA.
Hess, D.J., 2013. Industrial fields and countervailing power: the transformation of

distributed solar energy in the United States. Glob. Environ. Change Hum. Policy
Dimens. 23, 847e855.

Hirth, L., 2013. The market value of variable renewables: the effect of solar wind
power variability on their relative price. Energy Econ. 38, 218e236.

Hughes, J.E., Podolefsky, M., 2015. Getting green with solar subsidies: evidence
from the California solar initiative. J. Assoc. Environ. Resour. Econ. 2,
235e275.

Huijben, J.C.C.M., Verbong, G.P.J., 2013. Breakthrough without subsidies? PV busi-
ness model experiments in the Netherlands. Energy Policy 56, 362e370.

IEA, 2014. Key World Energy Statistics. IEA Reports. International Energy Agency.
Ipakchi, A., Albuyeh, F., 2009. Grid of the future. Power Energy Mag. IEEE 7,

52e62.
IPCC, 2013. Summary for policymakers. In: Stocker, T.F., Qin, D., Plattner, G.-K.,

Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M.
(Eds.), Climate Change 2013: the Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, pp. 1e29.

Jeevan Vasagar, B.a.P.C., 2015. Germany's Green Goals Have Profound Consequences
for Eon and RWE. Financial Times, ft.com.

John, J., 2014. Will utilities control behind-the-meter solar batteries? In: Lacey, S.
(Ed.), GreenTechMedia. GTM. http://www.greentechmedia.com/articles/read/
will-utilities-control-behind-the-meter-solar-batteries.

Kaye, B., 2016. Australia's AGL Energy Enters Competitive Batteries Market with
Stake Buy. Reuters. http://www.reuters.com. http://www.reuters.com/article/
agl-energy-australia-gas-idUSL3N15O3QK.

Kemp, R., Schot, J., Hoogma, R., 1998. Regime shifts to sustainability through pro-
cesses of niche formation: the approach of strategic niche management.
Technol. Anal. Strateg. Manag. 10, 175e198.

Keskin, D., Diehl, J.C., Molenaar, N., 2013. Innovation process of new ventures driven
by sustainability. J. Clean. Prod. 45, 50e60.

Klose, F., Kofluk, M., Lehrke, S., Rubner, H., 2010. Toward a Distributed-powerWorld.
Renewables and Smart Grids Will Reshape the Energy Sector. The Boston
Consulting Group Report.

Kriegler, E., Weyant, J.P., Blanford, G.J., Krey, V., Clarke, L., Edmonds, J., Fawcett, A.,
Luderer, G., Riahi, K., Richels, R., 2014. The role of technology for achieving
climate policy objectives: overview of the EMF 27 study on global technology
and climate policy strategies. Clim. Change 123, 353e367.

Kungl, G., 2014. The Incumbent German Power Companies in a Changing Envi-
ronment: a Comparison of E. ON, RWE, EnBW and Vattenfall from 1998 to 2013.
Stuttgarter Beitr€age zur Organisations-und Innovationsforschung. SOI Discus-
sion Paper.

Kushler, M., York, D., Witte, P., 2006. Aligning Utility Interests with Energy Effi-
ciency Objectives: a Review of Recent Efforts at Decoupling and Performance
Incentives. American Council for an Energy Efficient Economy.

Loorbach, D., Wijsman, K., 2013. Business transition management: exploring a new
role for business in sustainability transitions. J. Clean. Prod. 45, 20e28.

Lovins, A.B., Lovins, L.H., Hawken, P., 1999. A road map for natural capitalism. Harv.
Bus. Rev. 77, 145e158, 211.

Lutton, J., 2013. Tax Equity 101: Structures. Woodlawn Associates. http://www.
woodlawnassociates.com/.

Markides, C., 2006. Disruptive innovation: in need of better theory*. J. Prod. Innov.
Manag. 23, 19e25.

Markides, C., Charitou, C.D., 2004. Competing with dual business models: a con-
tingency approach. Acad. Manag. Exec. 18, 22e36.

Maruyama, Y., Nishikido, M., Iida, T., 2007. The rise of community wind power in Japan:
enhanced acceptance through social innovation. Energy Policy 35, 2761e2769.

McConnell, D., Hearps, P., Eales, D., Sandiford, M., Dunn, R., Wright, M., Bateman, L.,
2013. Retrospective modeling of the merit-order effect on wholesale electricity
prices from distributed photovoltaic generation in the Australian National
electricity market. Energy Policy 58, 17e27.

Mendelsohn, M., Kreycik, C., Bird, L., Schwabe, P., Cory, K., 2012. The impact of
financial structure on the cost of solar energy. Contract 303, 275e3000.

Mickels, A., 2009. Beyond corporate social responsibility: reconciling the ideals of a
for-benefit corporation with director fiduciary duties in the US and Europe.
Hastings Int'l Comp. L. Rev. 32, 271.

Miles, R.E., Miles, G., Snow, C.C., 2006. Collaborative entrepreneurship:: a business
model for continuous innovation. Organ. Dyn. 35, 1e11.

Morris, M., Schindehutte, M., Allen, J., 2005. The entrepreneur's business model:
toward a unified perspective. J. Bus. Res. 58, 726e735.

Murray, J., June 15, 2012. Choose Your Own Master: Social Enterprise, Certifications
and Benefit Corporation Statutes, 2.

Murray, J., King, D., 2012. Climate policy: oil's tipping point has passed. Nature 481,
433e435.

M.E. Wainstein, A.G. Bumpus / Journal of Cleaner Production 126 (2016) 572e585584

http://blogs.wsj.com/venturecapital/2013/01/08/want-to-invest-a-few-hundred-bucks-in-a-solar-project-mosaic-opens-crowdfunding-platform/
http://blogs.wsj.com/venturecapital/2013/01/08/want-to-invest-a-few-hundred-bucks-in-a-solar-project-mosaic-opens-crowdfunding-platform/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref30
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref30
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref30
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref31
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref31
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref31
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref32
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref33
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref33
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref33
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref33
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref34
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref34
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref35
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref35
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref36
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref36
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref37
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref37
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref37
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref37
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref37
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref38
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref38
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref38
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref38
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref38
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref162
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref162
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref162
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref39
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref39
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref39
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref40
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref40
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref40
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref40
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref40
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref41
http://www.doen.nl/web/projecten-die-we-DOEN/Groen/Qurrent-1.htm
http://www.doen.nl/web/projecten-die-we-DOEN/Groen/Qurrent-1.htm
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref43
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref43
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref44
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref44
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref44
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref45
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref45
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref45
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref46
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref47
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref47
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref47
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref48
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref48
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref49
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref49
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref50
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref50
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref51
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref51
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref52
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref52
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref52
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref52
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref53
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref53
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref53
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref54
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref54
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref54
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref55
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref55
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref56
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref56
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref56
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref57
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref57
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref57
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref57
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref58
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref58
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref58
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref59
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref59
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref59
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref59
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref59
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref60
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref60
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref60
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref61
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref61
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref61
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref61
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref62
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref62
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref62
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref63
http://www.greentechmedia.com/articles/read/where-did-tax-equity-investors-spend-money-in-2014
http://www.greentechmedia.com/articles/read/where-did-tax-equity-investors-spend-money-in-2014
http://www.greentechmedia.com/research
http://www.greentechmedia.com/research
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref66
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref66
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref66
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref163
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref163
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref163
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref163
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref67
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref67
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref67
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref67
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref68
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref68
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref68
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref69
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref70
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref70
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref70
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref70
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref71
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref71
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref71
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref72
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref72
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref72
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref72
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref73
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref73
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref73
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref74
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref76
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref76
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref76
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref77
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref78
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref78
http://www.greentechmedia.com/articles/read/will-utilities-control-behind-the-meter-solar-batteries
http://www.greentechmedia.com/articles/read/will-utilities-control-behind-the-meter-solar-batteries
http://www.reuters.com
http://www.reuters.com/article/agl-energy-australia-gas-idUSL3N15O3QK
http://www.reuters.com/article/agl-energy-australia-gas-idUSL3N15O3QK
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref81
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref81
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref81
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref81
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref82
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref82
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref82
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref83
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref83
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref83
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref84
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref84
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref84
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref84
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref84
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref85
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref85
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref85
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref85
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref85
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref86
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref86
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref86
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref87
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref87
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref87
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref88
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref88
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref88
http://www.woodlawnassociates.com/
http://www.woodlawnassociates.com/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref90
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref90
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref90
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref91
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref91
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref91
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref92
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref92
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref92
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref93
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref93
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref93
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref93
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref93
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref94
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref94
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref94
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref95
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref95
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref95
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref96
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref96
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref96
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref97
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref97
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref97
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref98
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref98
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref164
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref164
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref164


Newswire, P., 2006. SolarCity Acquires Palo Alto Solar and Declination Solar. PR
Newswire. http://www.prnewswire.com/news-releases/solarcity-acquires-palo-
alto-solar-and-declination-solar-57202837.html.

ObservER, 2014. The state of renewable energies in Europe. In: Seigneur, V.J.l. (Ed.),
EurOberv'ER.

O'Connell, N., Pinson, P., Madsen, H., O׳Malley, M., 2014. Benefits and challenges of
electrical demand response: a critical review. Renew. Sustain. Energy Rev. 39,
686e699.

Ornetzeder, M., Rohracher, H., 2013. Of solar collectors, wind power, and car
sharing: comparing and understanding successful cases of grassroots in-
novations. Glob. Environ. Change 23, 856e867.

Osterwalder, A., 2004. The Business Model Ontology: a Proposition in a Design
Science Approach.

Osterwalder, A., 2005. What is a business model? In: Osterwalder, A. (Ed.), Business
Model Alchemist.

Osterwalder, A., Pigneur, Y., 2010. Business Model Generation: a Handbook for Vi-
sionaries, Game Changers, and Challengers. John Wiley & Sons.

Osterwalder, A., Pigneur, Y., Tucci, C.L., 2005. Clarifying business models: origins,
present, and future of the concept. Commun. Assoc. Inf. Syst. 16, 1.

Parkinson, G., 2015. AGL Energy becomes first big retailer to roll out solar PPA plan.
In: Parkinson, G. (Ed.), RenewEconomy. reneweconomy.com.au. http://
reneweconomy.com.au/2015/agl-energy-becomes-first-big-retailer-to-roll-out-
solar-ppa-plan-96323.

Parkinson, G., 2016. AGL quits coal seam gas, to focus on “energy evolution”. In:
Parkinson, G. (Ed.). RenewEconomy. reneweconomy.com.au. http://
reneweconomy.com.au/2016/agl-quits-gas-production-to-focus-on-energy-
transformation-55770.

Phills, J.A., Deiglmeier, K., Miller, D.T., 2008. Rediscovering social innovation. Stanf.
Soc. Innov. Rev. 6, 34e43.

RAP, 2015. Report on the German Power System. Study Commissioned by Agora
Energiewende.

Ratinen, M., Lund, P.D., 2014. Growth strategies of incumbent utilities as contex-
tually embedded: examples from Denmark, Germany, Finland and Spain.
Technol. Soc. 38, 81e92.

Ray, S., Munksgaard, J., Morthorst, P.E., Sinner, A.-F., 2010. Wind Energy and Elec-
tricity Prices: Exploring The'merit Order Effect'. EWEA.

Ribeiro-Soriano, D., Urbano, D., 2009. Overview of collaborative entrepreneurship:
an integrated approach between business decisions and negotiations. Group
Decis. Negot. 18, 419e430.

Richter, M., 2012. Utilities' business models for renewable energy: a review. Renew.
Sustain. Energy Rev. 16, 2483e2493.

Richter, M., 2013a. Business model innovation for sustainable energy: German
utilities and renewable energy. Energy Policy 62, 1226e1237.

Richter, M., 2013b. German utilities and distributed PV: how to overcome barriers
to business model innovation. Renew. Energy 55, 456e466.

Rodríguez-Molina, J., Martínez-Nú~nez, M., Martínez, J.-F., P"erez-Aguiar, W., 2014.
Business models in the smart grid: challenges, opportunities and proposals for
prosumer profitability. Energies 7, 6142e6171.

Rogelj, J., Luderer, G., Pietzcker, R.C., Kriegler, E., Schaeffer, M., Krey, V., Riahi, K.,
2015. Energy system transformations for limiting end-of-century warming to
below 1.5 [deg]C. Nat. Clim. Change 5, 519e527.

RWE, 2013. Annual Report. http://www.rwe.com. https://www.rwe.com/web/cms/
en/1838136/rwe/investor-relations/reports/2013/.

RWE, 2014a. Annual Report. http://www.rwe.com. http://www.rwe.com/web/cms/
en/2331574/rwe/investor-relations/reports/2014/.

RWE, 2014b. Facts & Figures e Presentation. rwe.com. http://www.rwe.com/web/
cms/en/2495606/rwe/investor-relations/presentations/.

Salkin, P., 2012. The key to unlocking the power of small scale renewable energy:
local land use regulation. J. Land Use Environ. Law 27, 339e367.

Schlandt, J., 2015. Fighting for survival: Germany's big utilities look for a future in the
new energy world. In: Wire, C.E. (Ed.), Clean Energy Wire. cleanenergywire.org.

Schleicher-Tappeser, R., 2012. How renewables will change electricity markets in
the next five years. Energy Policy 48, 64e75.

Schneider, 2015. Virtual power plant: solution to utility concerns on integrating
distributed residential solar and storage. In: SAS, S.E.I. (Ed.), Schneideer Electric
Case Study. http://solar.schneider-electric.com/virtual-power-plant-solution-
to-utility-concerns-on-integrating-distributed-residential-solar-and-storage/.

Schoettl, J., Lehmann-Ortega, L., 2011a. Photovoltaic Business Models: Threat or
Opportunity for Utilities. Handbook of Research on Energy Entrepreneurship.
Edward Elgar, Cheltenham, pp. 145e171.

Schoettl, J.M., Lehmann-Ortega, L., 2011b. Photovoltaic Business Models: Threat or
Opportunity for Utilities? Handbook of Research on Energy Entrepreneurship,
pp. 145e171.

Sensfuss, F., Ragwitz, M., Genoese, M., 2008. The merit-order effect: a detailed
analysis of the price effect of renewable electricity generation on spot market
prices in Germany. Energy policy 36, 3086e3094.

Seyfang, G., Haxeltine, A., 2012. Growing grassroots innovations: exploring the role
of community-based initiatives in governing sustainable energy transitions.
Environ. Plan. C-Gov. Policy 30, 381e400.

Seyfang, G., Hielscher, S., Hargreaves, T., Martiskainen, M., Smith, A., 2014.
A Grassroots Sustainable Energy Niche? Reflections on Community Energy in
the UK. Environmental Innovation and Societal Transitions.

Shackley, S., Green, K., 2007. A conceptual framework for exploring transitions to
decarbonised energy systems in the United Kingdom. Energy 32, 221e236.

Shaheen, S., Sperling, D., Wagner, C., 1998. Carsharing in Europe and North Amer-
ican: Past, Present, and Future.

Siano, P., 2014. Demand response and smart gridsdA survey. Renew. Sustain. En-
ergy Rev. 30, 461e478.

Sioshansi, F.P., 2006. Electricity market reform: what have we learned? what have
we gained? Electr. J. 19, 70e83.

SolarCity, 2012. SolarCity Announces Pricing of its Initial Public Offering. SolarCity.
http://www.solarcity.com/newsroom/press/solarcity-announces-pricing-its-
initial-public-offering.

SolarCity, 2015a. Investor Presentation. SolarCity. http://investors.solarcity.com/
events.cfm.

SolarCity, 2015b. SolarCity and Bank of America Merrill Lynch Create New Program
to Give Diverse Range of Investors Access to Tax Equity Investments. SolarCity
Newsroom.

SolarCity, 2015c. SolarCity Second Quarter 2015 Shareholder Letter. SolarCity.
Sosna, M., Trevinyo-Rodríguez, R.N., Velamuri, S.R., 2010. Business model innova-

tion through trial-and-error learning: the Naturhouse case. Long Range Plan.
43, 383e407.

Strbac, G., 2008. Demand side management: benefits and challenges. Energy Policy
36, 4419e4426.

Strunz, S., 2014. The German energy transition as a regime shift. Ecol. Econ. 100,
150e158.

Suddaby, R., 2006. From the editors: what grounded theory is not. Acad. Manag. J
49, 633e642.

Sühlsen, K., Hisschem€oller, M., 2014. Lobbying the ‘Energiewende’. Assessing the
effectiveness of strategies to promote the renewable energy business in Ger-
many. Energy Policy 69, 316e325.

Sweet, C., 2015. Solar-power sharing programs may be poised to take off. In:
Gigot, P. (Ed.), The Wall Street Journal. WSJ. http://www.wsj.com/article_email/
solar-power-sharing-programs-may-be-poised-to-take-off-1442197726-
lMyQjAxMTA1ODE1NDAxODQ4Wj.

Teece, D.J., 2010. Business models, business strategy and innovation. Long Range
Plan. 43, 172e194.

Toke, D., Breukers, S., Wolsink, M., 2008. Wind power deployment outcomes: how
can we account for the differences? Renew. Sustain. Energy Rev. 12,
1129e1147.

Tongur, S., Engwall, M., 2014. The business model dilemma of technology shifts.
Technovation 34, 525e535.

UNFCCC, 2015. Adoption of the Paris Agreement available at: https://unfccc.int/
documentation/documents/advanced_search/items/6911.php?
priref¼600008831.

Unruh, G.C., 2000. Understanding carbon lock-in. Energy Policy 28, 817e830.
Urry, J., 2014. The problem of energy. Theory Cult. Soc. 31, 3e20.
Verbong, G., Geels, F., 2007. The ongoing energy transition: lessons from a socio-

technical, multi-level analysis of the Dutch electricity system (1960e2004).
Energy Policy 35, 1025e1037.

Verbong, G.P.J., Geels, F.W., 2010. Exploring sustainability transitions in the elec-
tricity sector with socio-technical pathways. Technol. Forecast. Soc. Change 77,
1214e1221.

Verbong, G.P., Beemsterboer, S., Sengers, F., 2013. Smart grids or smart users?
Involving users in developing a low carbon electricity economy. Energy Policy
52, 117e125.

Wassermann, S., Reeg, M., Nienhaus, K., 2015. Current challenges of Germany's
energy transition project and competing strategies of challengers and in-
cumbents: the case of direct marketing of electricity from renewable energy
sources. Energy Policy 76, 66e75.

Weerawardena, J., Mort, G.S., 2006. Investigating social entrepreneurship: a
multidimensional model. J. World Bus. 41, 21e35.

Whitford, D., 2015. Here comes the Airbnb of the solar industry. In: Whitford, D.
(Ed.), Built from Passion. Inc. http://www.inc.com/david-whitford/built-from-
passion-yeloha.html.

Wilson, F., Post, J., 2013. Business models for people, planet (& profits): exploring
the phenomena of social business, a market-based approach to social value
creation. Small Bus. Econ. 40, 715e737.

Wittneben, B.B., 2012. The impact of the Fukushima nuclear accident on European
energy policy. Environ. Sci. Policy 15, 1e3.

Wüstenhagen, R., Boehnke, J., 2008. Business Models for Sustainable Energy. Per-
spectives on Radical Changes to Sustainable Consumption and Production.
Greenleaf Publishing Ltd, Sheffield, pp. 70e80.

Yunus, M., Moingeon, B., Lehmann-Ortega, L., 2010. Building social business models:
lessons from the grameen experience. Long Range Plan. 43, 308e325.

Zerriffi, H., 2007. Making Small Work: Business Models for Electrifying the World.
Stanford University, Program on Energy and Sustainable Development.

Zott, C., Amit, R., 2010. Business model design: an activity system perspective. Long
Range Plan. 43, 216e226.

Zott, C., Amit, R., Massa, L., 2011. The business model: recent developments and
future research. J. Manag. 37, 1019e1042.

M.E. Wainstein, A.G. Bumpus / Journal of Cleaner Production 126 (2016) 572e585 585

http://www.prnewswire.com/news-releases/solarcity-acquires-palo-alto-solar-and-declination-solar-57202837.html
http://www.prnewswire.com/news-releases/solarcity-acquires-palo-alto-solar-and-declination-solar-57202837.html
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref100
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref100
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref101
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref102
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref102
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref102
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref102
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref103
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref103
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref104
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref104
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref105
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref105
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref105
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref106
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref106
http://reneweconomy.com.au
http://reneweconomy.com.au/2015/agl-energy-becomes-first-big-retailer-to-roll-out-solar-ppa-plan-96323
http://reneweconomy.com.au/2015/agl-energy-becomes-first-big-retailer-to-roll-out-solar-ppa-plan-96323
http://reneweconomy.com.au/2015/agl-energy-becomes-first-big-retailer-to-roll-out-solar-ppa-plan-96323
http://reneweconomy.com.au
http://reneweconomy.com.au/2016/agl-quits-gas-production-to-focus-on-energy-transformation-55770
http://reneweconomy.com.au/2016/agl-quits-gas-production-to-focus-on-energy-transformation-55770
http://reneweconomy.com.au/2016/agl-quits-gas-production-to-focus-on-energy-transformation-55770
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref109
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref109
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref109
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref110
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref110
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref111
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref111
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref111
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref111
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref112
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref112
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref113
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref113
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref113
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref113
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref114
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref114
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref114
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref115
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref115
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref115
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref116
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref116
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref116
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref117
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref118
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref118
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref118
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref118
http://www.rwe.com
https://www.rwe.com/web/cms/en/1838136/rwe/investor-relations/reports/2013/
https://www.rwe.com/web/cms/en/1838136/rwe/investor-relations/reports/2013/
http://www.rwe.com
http://www.rwe.com/web/cms/en/2331574/rwe/investor-relations/reports/2014/
http://www.rwe.com/web/cms/en/2331574/rwe/investor-relations/reports/2014/
http://rwe.com
http://www.rwe.com/web/cms/en/2495606/rwe/investor-relations/presentations/
http://www.rwe.com/web/cms/en/2495606/rwe/investor-relations/presentations/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref122
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref122
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref122
http://cleanenergywire.org
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref124
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref124
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref124
http://solar.schneider-electric.com/virtual-power-plant-solution-to-utility-concerns-on-integrating-distributed-residential-solar-and-storage/
http://solar.schneider-electric.com/virtual-power-plant-solution-to-utility-concerns-on-integrating-distributed-residential-solar-and-storage/
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref126
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref126
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref126
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref126
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref127
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref127
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref127
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref127
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref128
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref128
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref128
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref128
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref129
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref129
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref129
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref129
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref130
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref130
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref130
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref131
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref131
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref131
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref132
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref132
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref133
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref133
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref133
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref133
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref134
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref134
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref134
http://www.solarcity.com/newsroom/press/solarcity-announces-pricing-its-initial-public-offering
http://www.solarcity.com/newsroom/press/solarcity-announces-pricing-its-initial-public-offering
http://investors.solarcity.com/events.cfm
http://investors.solarcity.com/events.cfm
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref137
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref137
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref137
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref138
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref139
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref139
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref139
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref139
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref140
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref140
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref140
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref141
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref141
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref141
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref165
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref165
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref165
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref142
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref142
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref142
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref142
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref142
http://www.wsj.com/article_email/solar-power-sharing-programs-may-be-poised-to-take-off-1442197726-lMyQjAxMTA1ODE1NDAxODQ4Wj
http://www.wsj.com/article_email/solar-power-sharing-programs-may-be-poised-to-take-off-1442197726-lMyQjAxMTA1ODE1NDAxODQ4Wj
http://www.wsj.com/article_email/solar-power-sharing-programs-may-be-poised-to-take-off-1442197726-lMyQjAxMTA1ODE1NDAxODQ4Wj
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref144
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref144
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref144
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref145
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref145
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref145
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref145
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref146
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref146
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref146
https://unfccc.int/documentation/documents/advanced_search/items/6911.php?priref=600008831
https://unfccc.int/documentation/documents/advanced_search/items/6911.php?priref=600008831
https://unfccc.int/documentation/documents/advanced_search/items/6911.php?priref=600008831
https://unfccc.int/documentation/documents/advanced_search/items/6911.php?priref=600008831
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref148
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref148
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref149
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref149
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref150
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref150
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref150
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref150
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref150
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref151
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref151
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref151
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref151
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref152
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref152
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref152
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref152
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref153
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref153
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref153
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref153
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref153
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref154
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref154
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref154
http://www.inc.com/david-whitford/built-from-passion-yeloha.html
http://www.inc.com/david-whitford/built-from-passion-yeloha.html
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref156
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref156
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref156
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref156
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref156
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref157
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref157
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref157
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref158
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref158
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref158
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref158
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref159
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref159
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref159
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref166
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref166
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref160
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref160
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref160
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref161
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref161
http://refhub.elsevier.com/S0959-6526(16)00284-5/sref161


 34 

Post publication comments on SolarCity’s business model 
Wainstein and Bumpus (2016) paper, which comprises chapter 4 of the thesis, describes in its illustrative 
examples the model used by Solar City and other solar developer companies to accelerate the deployment of 
solar PV installation in the USA. The paper accurately describes the state of Solar City’s business model up to 
early 2016. Since, however, the company underwent several changes worth mentioning in this addendum.  
The main business model and value proposition of offering solar installations with no upfront cost in exchange 
for a long-term power purchase agreement (PPA), whilst successful requires —as the article describes— 
leveraging financial innovation from third party investors to raise the debt needed for the solar developers (eg. 
Solar City) to bare the upfront cost. During 2016, the steady growth of Solar City demanded even more pressure 
to raise debt capital to endure these high upfront costs, but this and other factors placed stress on the company. 
The 2016 challenges faced by Solar City included: investors becoming impatient on achieving profit rather 
than constantly red balance sheets, the lurking end of the 30% federal tax credit eroding trust on the long-term 
sustainability of the model, and the company facing two challenges in their sales and production front; an 
aggressive-sales culture increasing cancellation rates, and the development of a manufacturing facility in NY 
to produce high-efficient Silevo-based PV modules encountered delays and struggled to compete with 
plummeting prices in lower-efficiency Chinese modules (Carr, 2017). By the end of 2016, the company had 
dropped sales alongside an ever-increasing debt, and considered shifting its business model to one based on 
selling solar systems through upfront payments rather than leased PPAs.  
In a state of crisis, Solar City’s vertical integration approach was overpowered with Tesla Motor’s vertical 
integration vision: combining electric transportation with clean energy generation and storage. As such, Elon 
Musk (Tesla’s CEO and largest Solar City shareholder) pushed for an acquisition of Solar City by Tesla to 
achieve this vision. In 2017, this merge was executed with a $2.6 billion deal right after Solar City and Tesla 
unravelled their new vertically integrated business model vision: solar roofs using shingles rather than panels, 
with e-storage in the form of the Tesla PowerWall and mobility through Tesla’s vehicles. The merge 
consolidated ‘Tesla Energy’, which fused manufacturing expertise from Tesla with sales and deployment 
expertise from Solar City. However, by the time of this writing, Tesla Energy significantly shifted to an upfront 
sales (rather than PPA) approach using the Tesla showrooms, has yet to bring their ‘solar roof’ shingle 
technology to the market, and has lost the US market lead by SunPower.  
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Chapter 5 
From systems thinking to design thinking: social business modelling 
for a power system transition 
Part II translates the systems analysis of Part I into a design thinking approach to business modelling for the 
distribution edge of the power sector. This chapter explains the logic of this systems to design thinking 
transition, provides a revision of meaningful literature on design methodology and on smart grid dynamics, 
and proposes a more detailed BM design frame. Namely, it introduces the concept of a social virtual energy 
network, which is later developed and tested in chapters 6 and 7.  

5.1 Thinking in both systems and design: background to their complementarity 
Systems thinking, the principal approach taken in Part I of this thesis, comes from a long history of ideas, 
tracing back to foundations of scientific philosophy on how to evaluate or think about the world and its 
complexity (Von Bertalanffy, 1968, 1972). It evolved in a fragmented nature among scholars building on 
multiple studies, ranging from general systems theory, complexity, chaos, operations research, cybernetics etc. 
(Checkland, 1985; Jackson, 2003). As such, systems thinking holds different cultures but shares a scientific 
mindset. Particularly, this thesis has adopted one which embraces problems in the human-Earth nexus and the 
study of its transitions to sustainability.   
Design thinking, in contrast, is considered a relatively modern development with increasing interests by the 
management and business innovation culture (Alexander et al., 1977; Brown, 2009; Johansson‐Sköldberg et 
al., 2013; Martin, 2009b). In fact, the term ‘design thinking’ is largely attributed to David Kelley, founder of 
IDEO, an international design and consulting firm, and of the design ‘d.school’ at Stanford University (Brown, 
2008). As a professional field, design thinking is considered a systematic approach to develop innovative 
products and services that meet and surpass user’s needs (Ogilvie and Liedtka, 2011). Since design is a user-
centric approach: a good design is only one that is embraced by its intended user (Alexander et al., 1977). While 
the traditional foundations of design thinking are in product design, it has been extended more recently to 
include user experiences and solving complex business problems at a whole organizational level (Martin, 
2009b). Yet, even though it involves problem-solving, as opposed to systems thinking, design-thinking is 
fundamentally a solutions-oriented approach. 
At first glance, systems and design thinking seem incompatible, or belonging to two fundamentally different 
breeds of thought. Systems thinking arises from a scientific culture where the scientist is an external impartial 
observer, and where purely creative fields are not taken seriously, or simply considered outside the field of 
science (Jones, 2014). Design thinking, on the other hand, places significant focus on the sensibility of the 
designer and its empathy in a human-centred approach, and where the designer is encouraged to insert itself 
in the problem. Science seeks to unveil the fundamental principles and laws of a specific subject, design rather 
deals with a universal subject applicable to the vast human experience, and for this it invents a manageable 
frame out of a problem (Buchanan, 1992). Science is thus characterised by analytical thinkers, design by 
intuitive ones. Or in simpler terms, science is concerned with ‘True or False’ statements, design is concerned 
with ‘What could be’ (Martin, 2009b). 
Even though they have an apparent disparate mindset, the intersections of system and design thinking, in both 
theory and practice, have become more evident recently. While for science, interdisciplinary approaches are 
relatively new, embraced when acknowledging the scale of modern interdisciplinary problems, for design or 
designers, the usual problems addressed never fall within the boundaries of a specific subject matter 
(Buchanan, 1992). Just like with systems thinking, this advantage gave way to the use of design methodologies 
to solve ‘wicked problems;’ complex social issues marked by conflicting values and chaos in the information 
presented (Rittel and Webber, 1973).   
As more complex systemic problems become evident in our present society, the search for innovative and 
holistic problem-solution approaches have brought the fields of systems thinking and design thinking closer 
together. Although there is still ample room to argue the real extent of their synergy, scholars are already laying 
the foundations to discuss this complementarity in both theory and practice (Jones, 2014; Mugadza, 2015; 
Pourdehnad et al., 2012; Ryan, 2014). 
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Here, I make use of their synergy and propose a way to connect both styles of reasoning. The insights from the 
systems analysis of the EBS in Part I, are used in framing a design problem for an innovative business model 
in the distribution side of the electricity sector. The next subsection describes the design thinking reasoning 
and how systems thinking can inform it. Figure 5.1 traces the connection between systems thinking and design 
thinking as applied in this thesis. 

5.1.1 The design thinking reasoning 

Design thinking is characterised by abductive reasoning (Kolko, 2010; Lu and Liu, 2012). This is in contrast to 
the more traditional scientific method of deductive and inductive reasoning. Dorst (2011) provides a clear 
distinction of these tools of logic and, in the process, attempts to lay down the ‘core’ of design thinking by 
explaining the different layer of abduction applied to design. I introduce here these concepts in order to then 
explain how to connect the systems thinking reasoning of part I into a design frame for part II of this thesis.  
Deduction works by connecting two statements of truth to safely predict a result. For example: if ‘economy is 
a social system’, and ‘all social systems are complex systems’, then, if both statements are in fact true, by 
deduction ‘economy is a complex system.’ In other words, we know the what (i.e. economy) and the how (a 
general working principle) so we can deduce the result.  
In inductive reasoning, the what is known, and there is a set of observed results, but the how is unknown. 
Induction is used to build a hypothesis for this unknown general working principle, and then uses deduction 
to test it. For example: an observed result can be that ‘no measurement of silicon-cell photovoltaics (PV) has 
exceeded a 30% efficiency’ (i.e. PV are the what), so by inductive reasoning we can state a working principle 
that ‘Silicon-cell PV’s don’t exceed 30% efficiency’ and use this to predict future outcomes. While this might 
sound probabilistically safe, it is not necessarily true based on these statements. Inductive reasoning works 
from the specific to the general, as opposed to deduction, which works from the general to the specific. 
Induction helps develop working principles that need to be further tested and, as such, is considered the 
foundation of scientific progress and discovery.  
Abductive reasoning, by contrast, ‘infers to the best explanation’ making logical leaps based on an incomplete 
set of results (e.g. a single observation). A very common example in abduction is: ‘the grass outside was wet 
this morning’ (i.e. a single observed result), and ‘when it rains, the grass gets wet,’ (i.e. a general principal, or a 
how) so an abductive result can be: ‘it rained last night’. Abduction requires a mental leap, since there are other 
possible explanations (e.g. condensation or irrigation).  However, this is the logic that informs design for the 
generation of new ideas, which cannot be proven from past data (Martin, 2009a). The result is not taken as a 
True or False statement but in terms of value, since it’s a form of productive thinking. Furthermore, abduction 
specifically involves what is understood as intuition.  
There are two forms of abductive thinking in design. In the first, the designer wants to produce a certain value 
(i.e. the result), and might know the working principle (i.e. the how), so it can apply abductive reasoning to 
propose and design the what (e.g. an object). Or, as Dorst (2011) explains, in the second more common form 
of abduction, the aspired value is known, but neither the what nor the how are.  To provide a solution in this 
complex context, design thinking develops a ‘frame,’ which induces from the resulting value a manageable 
general working principle (i.e. the how). It then uses the frame to apply the first form of abductive approach 
and design the what. The legend in figure 5.1 illustrates these three forms of reasoning in terms of what, how 
and result.  
Systems thinking, among other uses, provides synthesis to [uncover] a working principle behind a resulting 
problem or observation in a complex system. It uses inductive reasoning to hypothesise the how based on the 
observed result, for example to identify possible leverage points. This is specifically where I propose systems 
thinking can inform and connect to design thinking. In order to design innovative products and services (i.e. 
the what), as solutions for systemic problems (i.e. producing the resulting aspired value), design thinking can 
use systems thinking’s synthesis to establish the working principle (i.e. the how) and use it in its design frame. 
Figure 5.1 explains this and applies it to link chapters of part I with the design frame of part II. By doing so, it 
presents the problem-solution logic flow of this thesis. 
If design thinking is used to develop an innovative business model, to act as an intervention in a leverage point 
and based on insights from systems thinking, then it would follow a process that Sarasvathy (2001) calls 
‘effectuation,’ and fall in a category that Steyaert (2007) defines as ‘entrepreneuring;’ in this case for a systemic 
problem. 
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5.2 From the conventional EBS to a social EBS: linking part I with part II 
In this section I review the systemic insights from part I and translate them into the design frame of part II. 
Chapter 3 presented the EBS within the Earth system context and uses systems thinking in a metabolic 
conceptual framework to analyse sources for lock-in and identify leverage points. With an EBS metabolism 
model, it provides systemic reasoning to hypothesise that the shareholder profit maximisation purpose of the 
EBS has a central role in lock-in and tampers with achieving climate targets (Wainstein et al., 2019). Turning 
this problem into a solution, and following the abductive design thinking reasoning described in section 5.1.1, 
this systems analysis establishes the intended value result —i.e. escape EBS lock-in and increase climate 
resilience— and proposes a working principle to do so (i.e. the how): with an EBS purpose shift to a more 
Earth-centric rather than shareholder centric value creation (i.e. chapter 3). In other words, applying social 
innovation to purpose in the shareholder and director position.  
Chapter 4 also uses systems thinking to analyse EBS lock-in but more specifically in the electricity sector. It 
combines business model theory with a MLP on sociotechnical transition to do its systems analysis, and states 
that BMs, rather than the underlying technology, are the fundamental driver of the low-carbon transition 
(Wainstein and Bumpus, 2016). In fact, using specific illustrative examples it proposes that: “If power system 
conditions allow for innovative financial schemes, a two-way integration of DERs, and systems that reward 
customer participation and socially-driven firms; then BM innovation and competitiveness will accelerate its 
transformation to a low carbon and resilient state” (Wainstein and Bumpus, 2016). This proposition can also 
be translated to a design frame since it states an aspired value (i.e. acceleration of a low-carbon power system 
transition) and proposes a working principle as the how (i.e. specific conditions for BM development).  

 
Figure 5.1 | From systems thinking to design thinking. Framework explaining how the logics used in systems 
thinking can be applied to design thinking —translating an observed systemic problem into a workable solution— 
and how this is applied in this thesis. The chapters corresponding to each step of the analysis are laid out on the side 
to explain how the structure of the thesis follows the systems to design thinking logic. 

Figure 5.1 specifically illustrates how the reasoning of chapter 3 and 4 informs a design frame in part II. The 
systemic insights on leverage points to accelerate a low carbon transition, translate into a general principal for 
this design frame, involving social and environmental purpose-driven business models with financial schemes, 
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integration of distributed energy resources (DERs) and peer-to-peer (p2p) participation. Yet, to undertake a 
specific business model design, a frame that incorporates a more technical background needs to be derived. To 
do this, the next section provides a revision of relevant literature around user participation in smart grids. This 
is meaningful since a core concept in a smart grid is the use of data for integration of DERs, and the extent of 
user participation is a specific growing field of interest.  
 

5.3 The Participatory Smart Grid: Revision of relevant literature 
The following section provides a revision of technical literature on three specific topics that address the themes 
in the design frame for business modelling. These three are: demand response, which involves the dynamics 
between DERs and the power grid; virtual power plants, a mechanism for aggregation and participation of 
DERs; and social p2p business models in the smart grid, which encompasses the business format in a 
participatory network. All three topics inform on opportunities for disruption in the EBS, and translated into 
BM innovations and design.  

5.3.1. Demand Response: one vs. two-way dynamics with DERs 

Demand response (DR) programs change the normal consumption pattern of end-use customers in response 
to flexible prices or incentive payments (Balijepalli et al., 2011). A more active role of consumers not only 
increases possibilities for cost savings, but also ensures higher system reliability by improving energy 
conservation as well as adaptation to variable generation with load-shifting abilities (York and Kushler, 2005). 
An acknowledged way to influence demand behaviour is through tariff systems. However, residential 
customers are historically charged with a fixed electricity tariff  that is calculated, among other things, by 
averaging the costs of the supply chain during electrical energy provision. Under flat tariffs, market signals 
such as varying wholesale energy prices are not passed on to customers, who have therefore no incentive to 
adapt their behaviour in a cost-reflective way (Jones, 2003; Kirschen, 2003). This often leads to a suboptimal 
use of the power supply system evidenced, for example, by an increasing need of peak plants, unsteady 
utilization of grid capacity, and higher fuel costs due to part-loaded operations of reserve power plants (Strbac, 
2008). Therefore, with higher penetration of DER, the conventional tariff systems is another aspect (along with 
BM) that incumbent utilities must revisit, both to roll-out DR programs effectively and to maintain customers 
that seek more reflective billing systems.  
Due to the associated costs of high-resolution load measurement, DR programs were initially launched for 
large commercial rather than residential consumers (York and Kushler, 2005). However, affordable 
communication and monitoring technology for households has increasingly been developed, with now smart 
meters having a predicted market penetration in European countries of over 70% (Hu et al., 2015). Smart 
meters facilitate the reduction of electricity demand by providing users with detailed consumption profiles, 
decrease labour costs with automatic reading and billing and, more importantly, are essential household-level 
tools for DR programs (Hu et al., 2015; O׳Connell et al., 2014). 
Although load shifting can be achieved through customer behaviour responding to incentives, providing 
signals to smart demand side management (DSM) devices that can automatically alter their function is a more 
preferred DR practice, both because of a lower burden on consumers and higher predictability of the extent of 
the signal’s response (O׳Connell et al., 2014). This is also prefered over a direct command & control of devices 
by a utility or aggregator since it reduces liability to the off-premise controler, and allows automatable devices 
to respond based on their own internal capabilities in an inform & motivate fashion (EPRI, 2010). Together 
with an information and communication technology (ICT) infrastructure, DSM devices and smart meters at a 
household level can be optimized based on PV outputs, engage in one or two-way communications, receive 
signals from electricity markets and act accordingly based on pre-established optimization parameters (Chen 
et al., 2012; EPRI, 2010; Erdinc et al.). Owners of these devices have been termed prosumers (i.e. both produces 
and consumers of services (Ritzer et al., 2012). Prosumers can be compensated for providing distributed energy 
services like peak shaving, storage dispatch capacity, reliability etc.  
DR programs apply, for the most part, one-way signals (i.e. from the network operator, utility or aggregator to 
the household or device) that are designed according to the type and goal of the program. A general way to 
distinguish these programs is to classify them as market-DR where signals are economic in nature, and 
physical-DR where signals correspond to specific network needs such as emergency events (Siano, 2014). Even 
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with different programs already deployed, the development of an accurate control and market framework is 
still the greatest remaining challenge for DR programs to achieve full potential (O׳Connell et al., 2014). In 
particular, establishing an effective demand control mechanism through effective price signals is considered 
an outstanding issue. In Schreiber and Wainstein et al. (2015), we present tariffs that are designed as smart 
one-way grid signals in order to propose a way to address this DR challenge. 
Such one-way signals can be effective and less sophisticated in both technology and system infrastructure and 
could therefore be deployed in shorter term. However, two-way communication between devices and the 
overall network in a Smart Grid allows for a higher system-wide optimization, particularly under increasing 
penetration of renewables and electrification processes (Luthra et al., 2014). Figure 5.2 shows a conceptual 
illustration of one-way vs. two-way communication dynamics between the power system and DERs. 
Furthermore, although flexible tariffs as one-way signals allow prosumers to optimize their assets and achieve 
cost savings, they do not allow them to engage in alternative BM that involve trading their energy services in 
more dynamic ways, such as in community energy systems where aggregation of multiple users and DER can 
receive further benefits from higher bargaining power. A suggested way to achieve such alternative trading 
systems for prosumers has been through the use of Virtual Power Plants.  

 

 
Figure 5.2 | One vs. two-way communication dynamics in demand response systems. In one-way 
communication systems, buildings don’t send information back to the system (or DR aggregator), they simply 
respond by altering their load. In smart price-to-device signals, buildings respond according to their individual energy 
and power tariff (eg. see Schreiber et al, 2015). In two-way communication systems, buildings (through their DER) 
engage in constant communication with the system (normally via an Aggregator). ‘Command and control’ of DER has 
significant shortcomings (EPRI, 2010), so an ‘Inform & Motivate’ system will be contemplated in this project.  

 

5.3.2 Virtual Power Plants  

 The current mechanism for installing DERs does not contemplate their smart integration with the rest of the 
grid and thus produce three specific issues of visibility, reliability, and participation. Firstly, DERs that are not 
visible by system operators can displace centralized generation but cannot displace capacity since they are 
unmonitored and therefore unpredictable, often leading to oversupply and underutilization of assets 
(Pudjianto et al., 2007). Second, being small, modular and intermittent, DERs have less reliability than larger 
controlled systems and may find challenges to commit to power generation targets or other forecasted 
behaviours. And third, having small and medium generation and consumption loads, DER owners acting on 
their own cannot participate in most electricity markets due to either not achieving a minimum participation 
size or, depending on the market nature, fear of penalties due to unreliability. This lack of market participation 
often leads DER owners to strike suboptimal deals with third-party actors and lose access to dynamic market 
opportunities (Pudjianto et al., 2007).  Feed-in-Tariffs have been used to address some of these issues, but the 
temporal nature of programs and increasing DER numbers make them unsustainable in the long run 
(Chalkiadakis et al., 2011).    
The concept of Virtual Power Plant (VPP) has been proposed and studied as a successful way to address these 
issues by aggregating DERs in a cost-effective manner and allowing them to integrate electricity markets 
(Braun, 2009; Chalkiadakis et al., 2011; Lukovic et al., 2010; Pudjianto et al., 2007; Salmani et al., 2010; Shi et 
al., 2009; You et al., 2009). Either centralized or decentralized (Setiawan, 2007), a VPP energy management 
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system can coordinate DERs of diverse natures (dispatchable and non-dispatchable generation, storage, 
dynamic loads etc.) to act and bid as a single technical and commercial unit in the wholesale, distributed and/or 
ancillary services market. Since its initial proposition (Awerbuch and Preston, 1997), ICT advances have 
allowed VPP to hold  the capabilities to address DER integration challenges and therefore promise to become 
an integral part of Smart Grids (Palizban et al.).  
Although still in an early technical development and a fragmented nature, VPP research has addressed 
concepts of its: overall architecture (Lukovic et al., 2010; Pudjianto et al., 2007), ICT communication system 
and standards (Palizban et al.), electric autocontrol mechanisms (Setiawan, 2007), aggregation of specific DER 
groups such as Combined Heat and Power (i.e. CHP) units (Schulz et al., 2005) and EVs (Jansen et al., 2010), 
general portfolio and member management (Chalkiadakis et al., 2011; Rathnayaka et al., 2012), utility strategies 
(Zurborg, 2010), internal and external market dynamics (Chalkiadakis et al., 2011; Mashhour and Moghaddas-
Tafreshi, 2009; Salmani et al., 2010; Shi et al., 2009), and real world applications (Belhomme et al., 2011; Braun, 
2009; Sebastian et al., 2008). In order to summarize an ongoing state-of-the-art literature review, the general 
components and subcomponents of VPP architecture have been simplified, specifying the characteristics 
addressed by each one, and the reference articles corresponding to each sector.  
Figure 5.3 summarizes this work showing the main five components and interfaces of a VPP design: the 
General VPP Architecture, which must bare holistic considerations of all its components while contemplating 
the VPP’s intended purpose; the Portfolio Architecture which determines design and size of the DERs involved, 
as well as the management of its members over time (DER and their owners); the Technical Architecture that 
must ensure autocontrol, safety and appropriate integration to the physical grid, overviewed by a Distribution 
or Transmission System Operator (DSO and TSO); a Communication Architecture that establishes all the 
connection framework between actors, communication protocols, standards and overall hierarchical 
information flow; and the Market Architecture that establishes bidding dynamics and commercial interface 
with the different electricity markets, as well as accounting and dynamics of the internal market (VPP and 
DERs). 

 
Figure 5.3 | VPP Architecture Components, Characteristics and Literature Review. The relationship between 
portfolio architecture and market framework, which affects the VPP’s business case, is unexplored in the literature 
and will be the area of VPP research focus. 

This analysis suggests that research has not addressed factors governing business case feasibility of a VPP, both 
from the aspects of a VPP developer and its members (DER owners). Particularly, the dynamics of how a VPP 
portfolio design affects a successful market insertion and business performance remains unexplored (i.e. 
relation between portfolio and market architecture). This area of research is critical for alternative BM 
exploration and developments. Given that the first pilot projects of VPP have already been successfully 
deployed in existing markets, it’s likely that private developers performed their internal due diligence 
determining their business feasibility. However, this information tends to be secluded from the academic 
literature for obvious reasons.  Moreover, establishing a clear methodology to analyse a VPP business case 
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under different market and technical variables would be essential to address research on disruptive social 
business model innovations. 
 

5.3.3. Social Business Models for Prosumer Networks  

To the knowledge of the author, research on business feasibility of an ‘emission reduction oriented’ for-benefit 
social business model using VPP technology to generate a peer-to-peer (P2P) community energy network of 
aggregated prosumers and other DERs in a smart grid, remains completely unexplored in scholarly articles. 
However, recent articles that investigate similar issues might provide insights for such exploration. Rodríguez-
Molina et al. (2014) performs a thorough review of BM in the smart grid proposing improved profitability for 
prosumers. It also applies BM theory to propose structures and classification for prosumer-oriented BM in the 
smart grid. Chalkiadakis et al. (2011) proposes a cooperative system for DERs using VPP and applies game 
theory to establish a system of internal payment schemes within the cooperative-VPP members. Rathnayaka 
et al. (2012) present a conceptual model to form prosumer-communities that, using social network technology 
and platforms, can be classified according to specific criteria for improved energy management performance.  
Other approaches are centred on the interconnection of smart devices within the ‘Internet of Things’ forming 
an ‘Internet of Energy.’ Karnouskos (2010) describes the P2P cooperation between DERs on a purely physical 
dynamic, almost without human interaction. More interestingly Ciuciu et al. (2012) develops a conceptual 
architecture of an energy community of prosumers sharing and selling energy via a P2P platform, and describes 
how transactions could be performed through a web-based interface if, for example, a member decides to go 
on vacation and another member is willing to buy its excess PV production. In this paper, DR for network 
efficiency is the overarching premise of the system and the distribution system operators (DSO) are presented 
as active players of the P2P community. However, this research does not propose any BM and simulations are 
not performed. Steinheimer et al. (2013) on the other hand, performs a simulation of 1000 prosumer 
households (using simulated datasets) achieving successful load reductions through a P2P networked energy-
community. The research describes how graphical interfaces can be used for peers to establish load forecasting 
and energy commitments with the rest of the community, and provides an overall architecture for the 
underlying IT system.  
Collectively, these projects are a useful foundation to propose and develop and initial form community-energy 
BM designed have a disruptive effect. An initial BM proposition, presented below, will be used in a first 
iteration of its design, presented in chapter 6. A second revision and design iteration, presented in chapter 7, 
considers the incorporation of blockchain technology into p2p energy systems and presents a review of other 
approaches and entrepreneurial initiative not mentioned in this section.  
 

5.4 Proposing a disruptive innovative business model: The Social Virtual Energy Network 
(SVEN) 
Section 5.2 describes how insights from the systems thinking analysis of EBS lock-in in part I can be translated 
to a general design thinking frame for a disruptive BM in part II. It frames (i.e. using frame component 1 and 
2) the design of a ‘social and environmental purpose-driven business models with financial schemes, 
integration of distributed energy resources (DERs) and peer participation.’ To further inform this design frame 
and approach, section 5.3 provides a more detailed revision of topics in a participatory smart grid. It presents 
a more technical framing that must be considered when designing such a BM. Namely, to enhance user 
participation in power networks, DR programs, DER aggregation with VPP technology, and the untapped 
potential for p2p platforms to facilitate social innovation should be incorporated into the design and 
architecture. Moreover, it affirms the research gaps for exploring BMs that can combine and implement these 
tools to aid the acceleration of the low-carbon transition in the urban context.  
Building from these insights, a design working principle can be inferred which will guide the design efforts for 
part II: 
design principle  

“Is it possible to design a scalable and replicable social business model and system for aggregating distributed 
energy resources using a decentralized peer-to-peer Internet network in its management and operation?”  
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In order to undertake this question, I here propose an innovative system that combines all insights inferred by 
the analysis up to this stage. For descriptive reference, it is termed a Social Virtual Energy Network (SVEN). 
Framing it as a social VPP, section II of chapter 6 provides a description to the SVEN design proposition. 
Figure 1 of Chapter 6 illustrates how multiple innovation are combined into the SVEN concept. In essence, the 
proposed SVEN is a ‘social business model for an urban electricity-trading and management network of users 
and their distributed energy resources, which uses a peer-to-peer platform to manage the internal and external 
transactions of energy services.’ It allows user participation in the broader electricity market by aggregating 
their services and unifying the coordination with the local distribution system operator (DSO) and/or utility. 
Users, or peers in the network, can therefore be classified as prosumers since they both produce and consume 
energy services (Ritzer et al., 2012). 
Noting essential concepts presented in chapters 3 and 4, I distinguish the purpose of the SVEN with its value 
proposition. The purpose is to ‘facilitate the low-carbon transition of the power system in line with climate-
based emission reduction targets.’ The value proposition of the business model is ‘the provision of energy and 
market efficiency through coordination and participation of prosumers and DERs whilst using distributed 
generation and DR schemes to provide clean energy and resilience to the overarching network’ (see section II 
chapter 6).  
The SVEN idea represents a causation approach to entrepreneurship because it holds a specific purpose (i.e. 
defined through a systematic analysis) and thus focus on the means to achieve it (Sarasvathy, 2001). However, 
it recognises that, in reality, the process must undergo cycles of effectuation and validated learning, constantly 
adjusting itself based on proven action, which is why design iterations are used as outlined in the next section 
(Ries, 2011a, b; Sarasvathy, 2001). Nevertheless, defining and acting on the general purpose is what allows to 
validate the its intended systems effect. As a social enterprise, SVEN would operate as an autonomous 
organisation governed by its peers and, having a commercial strategy would undergo revenue, costs and profit. 
To fulfil its socioenvironmental purpose, it would seek scale and replication of its low-carbon portfolio and 
destine its commercial performance to achieve this.  
A way to do this is by its central account (see section II, chapter 3) “covering operating and depreciation costs 
and re-invest its profits in either of the following way, according to a criteria that improves its cost-effective 
low carbon portfolio i) financing and developing new DERs (e.g. a new wind turbine), ii) financing DERs that 
will improve performance of current existing members (e.g. a Home Automation System or a Smart 
Thermostat) and/or iii) financing the incorporation of new members to improve social inclusion (i.e. financing 
a household PV system). This re-investment policy ensures that a VPP successfully operating in a given market 
has the potential for organic growth. The bigger the VPP is in size, the more competitive its performance is in 
the market, theoretically producing a virtuous cycle.” The for-benefit cash flow model in Fig. 5.4 illustrates this 
dynamic. 
The SVEN concept is intended as both a social innovation and a disruptive innovation. It would follow Phills  
(2008) definition of a social innovation since its value generation (i.e. environmental, social, economic) would 
accrue more for society as a whole than for private individuals (e.g. shareholders). As a disruptive innovation 
from a market lens —as defined by Christensen (2015)— it’s theoretical behaviour would initially address the 
needs of an overlooked market segment (i.e. the environmentally active grassroots customer) but improve its 
offering through peer effects and transition towards catering for a mainstream market (i.e. more passive and 
demanding) (see Wainstein (2016) for active vs. passive customer segments in the power context). Ultimately, 
the more important disruption is that which catalyses a systems transition; replacing the carbon-intensive 
centralized energy BM, with a low-carbon decentralized one. In fact, the SVEN’s system transition purpose 
can be illustrated using a combination of a sociotechnical MLP with an adaptive cycle representation of the 
transition phases in the regime level. Figure 5.4 shows a visual representation of the SVEN’s design frame (i.e. 
the how and the intended valuable result) placed in a MLP of sociotechnical transition of the power system 
regime. The following sections describe the methodology to undertake the actual design of a SVEN in a specific 
urban context. 
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Figure 5.4.  A SVEN as a disruptive innovation in the low carbon transition.  By reinvesting its profits into its low-
carbon portfolio, it allows new members to join (via third-party financing), and/or its existing members to increase 
opportunities for improved performance, allowing scale and replication of the SVEN. Disruptiveness is described here 
as the capacity to contribute to a systems transition, represented here in a heuristic depiction of the MLP 
sociotechnical power system regime. 

 

5.5 Systematic methodology for designing a SVEN 
At its essence, a SVEN represents an unexplored innovative BM where social innovation engages in renewable 
energy integration to progress a low-carbon transition. Its design formulation can address knowledge gaps 
identified in the literature review of section 5.3. Four knowledge gaps can be identified. First, the use of social 
innovation as a way to address barriers in escaping lock-in, by introducing a different shareholder position in 
utility or distributed energy management firms. Second, considering social businesses have market 
disadvantages, the potential aspects that might give them a competitive edge against other players in the 
electricity system have not been explored. Third, business feasibility and performance boundaries of a VPP 
aggregating prosumers and DER in a cooperative system remain unclear. Finally, the potential role of a P2P 
sharing economy applied to the power sector and its potential repercussions towards a paradigm shift is of 
particular interest and, so far, has not transcended popular literature.  
The SVEN as an idea for disruptive innovation is in itself a contribution to the thesis guiding research question 
presented in section 1.3 of chapter 1. In summary, the guiding research question poses a search for disruptive 
innovations that, using a cross-scale approach, delivers answers at each scale of analysis. Chapter 3, the largest 
scale of analysis, specifically raises the role of purpose and social innovation in the EBS. The SVEN BM directly 
builds from this by exploring social innovation elements embedded in its design. Therefore, a scale-specific 
research question it intends to fill can be formulated as: 

Can social innovation, in the form of distributed energy resource aggregation business models, have a 
catalytic effect in decarbonizing the electricity sector? How would this come about? 

The object of interest is on how the social innovative aspects can boost the BM performance to drive systemic 
change. Addressing the second part of this question with an abductive process can be used to answer the first 
part. Proposing design elements that can contribute to a hypothetical behaviour of a SVEN with organic growth 
and “viral” replication in member numbers, would account as a way in which social innovation can indeed 
have the systemic effect proposed. To do this, the design process uses a systematic and iterative approach.  
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5.5.1 The design thinking approach for iterations of SVEN design and simulation 

In order to explore business modelling for aggregating diverse prosumers and DERs under a social VPP, an 
iterative design process is used to develop a specific VPP architecture and test its behaviour under different 
variables. To do this I combine methodology from design thinking and system architecting. Design thinking 
tackles a human-centred design process with parallel and iterative stages of ‘inspiration,’ ‘ideation’ and 
‘implementation’ (Brown, 2008; Brown and Wyatt, 2010). System architecting, often more technology or 
system-centred, breaks down the iteration process into determining ‘function,’ ‘form,’ ‘environment,’ and 
‘testing’ (Maier and Rechtin, 2000). 
 Figure 5.5 summarizes the overall conceptual methodology that combines the initial cross-scale systems 
analysis and its translation into a standard spiral-mode logic for establishing the stages of system design and 
architecting (Maier and Rechtin, 2000). Once the SVEN’s intended function is defined (i.e. function as a 
manifestation of purpose), its form and structure can be designed, its environment laid out, and finally a dry 
simulation used to validate hypothetical performance. The following section describes each stage in further 
detail as applied to the first iteration. As shown in the spiral section of fig 5.5, this process was repeated twice, 
with the output of each iteration represented in chapters 6 and 7 respectively. Eventually, the combined 
systems-design approach described and explored here, can then undertake empirical validation through the 
practice of entrepreneurship (Ries, 2011b).  

 
Figure 5.5.  Systems and design thinking methodology for architecting a SVEN. Stylized representation of the 
overall process, starting with a cross-scale systems analysis to propose a specific innovative business model (i.e. a 
SVEN) and design it using an iterative design thinking and system architecting approach.  Adapted from (Maier and 
Rechtin, 2000) and (Brown, 2008). Eventually, the expected results on system intervention can be empirically tested 
using entrepreneurship.  

5.6  Stages of the first iteration in the design process  
This section is a preamble to chapter 6. It outlines how the four stages or quadrants in the process of system 
architecting previously mentioned—function, form, environment and testing— have been applied in the first 
iteration of designing the SVEN concept. Chapter 6 is the output of this first iteration and, being a published 
paper in IEEE Xplore, holds a strict limit in word count length.  
As mentioned in section 5.5, the design of a SVEN can be used to address the scale-specific research question 
presented. Using a quantitative approach to model to the effects of social innovation on a business model 
would be futile, and therefore the first iteration focuses on exploring general feasibilities in the idea of using 
virtual power plants for prosumer p2p networks. More specifically, and as outlined in chapter 6, the first design 
and experiment attempts to address:  

“How does the DER portfolio structure and market variables affect a VPP business case?” 
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Using the four stages presented in figure 5.5, this question can be generically understood as how do variations 
in the ‘form’ and ‘environment’ affect the ‘test’ results of the system to be designed or architected. The initial 
intentions of how to deal with these three variables in an experimental setup are outlined below as a form of 
supplementary or background documentation to the Wainstein (2017) paper. These three stages are then 
followed by an explanation of how the initial ‘function’ of the VPP was defined and used in the final 
experimental setup presented in chapter 6.  
 
Form: Analysis of DER portfolio structure and size 
The first important factor assumed to alter a VPP’s economic feasibility and performance is the structure and 
size of its DER portfolio. After an initial portfolio setup, and incorporating insights from an exploration of 
market variables, the DER portfolio can be altered in its % mix (Distributed generation, storage, consumption 
loads, etc.) as well as in its size (i.e. nominal generation capacity and average nominal consumption). With this 
analysis, the process seeks to establish heuristic guidelines that must be considered when developing a VPP 
portfolio. More importantly, elucidating the minimum size (in number of members and their nominal 
capacity) and optimal portfolio mix for a VPP to operate under positive business performance given: a) a 
specific geographical region (i.e. Melbourne, Victoria) and b) a market framework and parameters.  
In this stage of the process, the following question can be used in the exploration: 

• Under a given geographical condition (i.e. city characteristic) and market framework (i.e. electricity market 
nature), what is the minimum size and optimal mix of a VPP portfolio of DERs that can operate competitively? 

Environment: Analysis of market variables 
By systematically altering quantitative market variables and conditions, as a sensitivity analysis, insight on 
those most influential to the VPP´s economic performance can be established, and even placed in order of 
decreasing influence and tolerated ranges in which the VPP can still operate. Market variables that may affect 
a VPP business case include: electricity selling prices, buying prices, applied taxes, distribution network service 
charges and barriers of entry to specific markets (wholesale, distribution, demand response, ancillary services 
markets).  
In this stage of the process, the following questions can be used for orienting the experiment: 

• What are the specific variables and conditions that affect a VPP business feasibility and performance? What are 
ideal and tolerated ranges of these variables that still maintain positive business performance? 

Test: Cooperative business model & growth 
By establishing a minimum feasible VPP setup with given market conditions, its business model performance 
can be simulated within a given timespan and used to produce financial cash flows both for the VPP developer 
and its members. An optimal economic performance implies sustainable profits for a VPP developer and 
economic benefits to its members.  
If the VPP is set up as a cooperative or a hybrid corporation in both its legal and business model function, as 
explained in section 5.4, its profits can systematically re-invested following certain rules to the allow the social 
VPP to grow and replicate. The hypothesis would be that, due to economies of network scale, the bigger the 
VPP is in size, the more competitive its performance is in the market, theoretically producing a virtuous cycle. 
The concept design and behaviour of a Cooperative VPP that shows competitive advantage with increasing 
size has previously been explored in the literature (Chalkiadakis et al., 2011).  
In this stage of the process, the following question can be used to guide in the experimental setup: 

• What is the economic performance of the established VPP over time and how does this affect its 
organic growth? What is an estimated time period in which a VPP can double in size?  

5.6.1 Initial VPP Function & Portfolio Design 

Neither the academic literature nor the private or industry sector currently establishes clear guidelines on how 
a VPP DER portfolio should be designed. What is established in the architecture of any system, however, is 
that a system should be designed according to its intended purpose or function (Maier and Rechtin, 2000). 
Therefore, in this section I translate the purpose of the SVEN into a specific guiding design feature. While we 
associate purpose to a human or social system, we associate function to a physical or mechanical system 
(Meadows and Wright, 2008). After defining the SVEN function as a guiding principle, I propose three 
guidelines that should be contemplated in its design process. Finally, based on the stated function, the 
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suggested guidelines, and using the city of Melbourne as a case study, an initial DER portfolio is determined 
for the experimental setup.   
VPP Functions 
There are several reasons by which a developer would be motivated to develop a VPP, all of which would affect 
its strategic design. These may include functions such as: efficiency among existing utilities to group users 
based on geographical sectors (Zurborg, 2010), implementing a smart Demand Response program to alleviate 
a regional network constraint (Belhomme et al., 2011), establishing auctions to sell electricity capacity of a 
plant as a virtual rather than physical divestiture between two dominant firms (Ausubel and Cramton, 2010), 
group small to medium scale generators to commercialize their aggregated power in the wholesale market 
(Sebastian et al., 2008), or even managing prosumers through social networks (Rathnayaka et al., 2012).  
The functions to which this VPP design should comply with are divided into a “Commercial & Social Function” 
and a “Technical Function,” both with specific goals and hypothetical outcomes: 
Commercial & Social Function: The VPP should be an instrument to implement an innovative business model 
(BM) for prosumers and DERs to commercialize energy services in the electricity market. 
Goals & Hypothesis: 

- Show that VPP BM can have a disruptive force in the electricity system, allowing insertion of new 
niche players as well as destabilizing existing incumbent actors. 

- Show that social innovation can increase physical and commercial robustness of the VPP BM, and 
therefore be a central component of its disruptive force. 

- Allow a sustainable BM to be implemented where its organic growth is an embedded design of its 
“for-benefit” motivation. 

Technical Function: Establish an energy-sharing network between DERs that can intelligently balance supply 
and demand dynamics alleviating issues of intermittent distributed generation. 
Goals & Hypothesis: 

- Encourage and manage prosumerism in the urban context by providing physical and commercial 
advantages through a networked framework.  

- Reduce grid demands at the distribution network. 
- Allow higher penetration of wind and solar energy in the system.  

 
Proposed Guidelines for a VPP DER Portfolio Design 
Based on the intended functions laid out, I propose original guidelines that should be considered when 
constructing a VPP portfolio. Figure 5.6 illustrates the three guidelines and their relationship with the VPP 
functions.  These are:  
a) Establish a complementary load and generation mix that reduces the need for bulk storage and mimics an 
island-mode microgrid. This guideline builds on established concepts of efficient integration of renewable 
energy systems and suggests that an optimal VPP portfolio should have: compatible variable generation 
sources, such as wind and solar; dispatchable generation units, such as CHP units; distributed storage, such as 
stationary batteries; and dynamic loads, such as Demand Side Management devices. The percent of each of 
these components should be designed on a case-by-case scenario based on available renewable resources.  
b) Contemplate the minimum and competitive size in nominal generation and load for feasible market entry. 
Depending on the nature of the electricity market a VPP wishes to interact with (e.g. wholesale, demand 
response , or ancillary services) there are certain barriers of entry as well as competitive aspects that should be 
contemplated. For example, a VPP with 5MW nominal generation output would have a competitive 
disadvantage bidding in a wholesale market whose next small competitor has a 50MW capacity, and largest 
competitor a 2GW capacity. Furthermore, certain markets require a minimum capacity size in order to qualify 
for entry and bidding.  
c) Contemplate urban design and city dynamics for opportunities in both load compatibility and network 
infrastructure. This guideline establishes that the nature of electricity user and producers, and their 
geographical location in relation to the grid should be contemplated. Most cities have a Central Business 
District (CBD) located in the city centre, where large office building have most of their load needs between 
8am and 6pm; a surrounding mixed residential area where peak loads occur at 6pm; a mixed industrial region 
where opportunities for CHP units are most likely to be found; and a rural outskirt where location of 
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windfarms is most suitable. The physical grid of a city is normally designed contemplating these diverse 
geographical consumption needs and, therefore, a VPP design should contemplate the infrastructure layout 
when selecting DERs, given that the Points of Common Contact (i.e. PCC) will be the interface with the DSO 
and TSO.  
Figure 5.6 below summarize the function and guidelines proposed, which were used in the experimental setup 
of chapter 6.  
 

 
Figure 5.6 | Initial VPP Portfolio Design used in Simulation. a- guidelines developed and used in the design 
process based on the two established functions. b- initial DER portfolio incorporating the three established 
guidelines. 
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Chapter 6 
Social Virtual Energy Networks: exploring innovative business models 
of prosumer aggregation with Virtual Power Plants 
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energy business design and modelling, considering complex systems in design thinking. Relative to 
the previous chapters, it covers a small system scale (i.e. size) since it looks at tariff design and demand 
response within the niche concept of Social Virtual Energy Networks (SVEN). The paper also 
represents the first design iteration of the SVEN, whilst the next chapter (i.e. 7) represents its second 
iteration. 
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LVVXHV� E\� DJJUHJDWLQJ� '(5V� LQ� D� FRVW�HIIHFWLYH� PDQQHU� DQG�
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G\QDPLFV�>�����������@��WR�QDPH�D�IHZ���

5HVHDUFK�KDV�QRW�DGGUHVVHG�IDFWRUV�JRYHUQLQJ�EXVLQHVV�FDVH�
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933�SRUWIROLR�GHVLJQ�DIIHFWV�D�VXFFHVVIXO�PDUNHW�LQVHUWLRQ�DQG�
EXVLQHVV�SHUIRUPDQFH�UHPDLQV�XQH[SORUHG��L�H��UHODWLRQ�EHWZHHQ�
SRUWIROLR� DQG� PDUNHW� DUFKLWHFWXUH��� 7KLV� DUHD� RI� UHVHDUFK� LV�
FULWLFDO� IRU� DOWHUQDWLYH� EXVLQHVV� PRGHO� H[SORUDWLRQ� DQG�

GHYHORSPHQWV��)XUWKHUPRUH��FRQVLGHULQJ�WKH�V\VWHPLF�UROH�WKDW�
VRFLDO�DQG�EXVLQHVV�PRGHO� LQQRYDWLRQ�KDYH�RQ� WKH� ORZ�FDUERQ�
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OLWHUDWXUH�� ZH� KHUH� SURSRVH� D� WKHRUHWLFDO� FRQFHSW� WKDW�
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WKLUG�SDUW\� ILQDQFLQJ�� DQG� VRFLDO� LQQRYDWLRQ�²E\� DSSO\LQJ� D�
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RUJDQL]DWLRQ� GHOLYHULQJ� VRFLR�HQYLURQPHQWDO� YDOXH�� )LJ�� ��
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FURZGIXQGLQJ�LQYHVWPHQW�RSSRUWXQLWLHV�LQWR�'(5�V\VWHPV��)RU�
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>�@���

�
,,,��0(7+2'2/2*<��6\VWHP�'HVLJQ��

%\�GHVLJQLQJ� DQG� VLPXODWLQJ� D�69(1�XVLQJ� D�0HOERXUQH�
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A. Household optimization study with smart tariff signals 
)LJ�� �� VKRZV� WKH� VHWXS� DQG� UHVXOWV� IRU� WKLV� VHFWLRQ��

2SWLPL]DWLRQ�RI�WKH�ORDG�SURILOH�RI����KRXVHKROGV�ZLWK�PXOWLSOH�
'(5V�ZDV�GRQH�XVLQJ�D�VSHFLILF�WDULII�ZLWK�IOH[LEOH�HQHUJ\�DQG�
SRZHU� FRPSRQHQW�� 7KLV� VPDUW� WDULII� UHSUHVHQWV� D� JULG� VLJQDO�
XVHG�E\�WKH�KRXVHKROG�'(5V�WR�RSWLPL]H�FRVWV�EDVHG�RQ�ORDG�
SURILOH� DQG� PDUNHW� SULFH�� 7KH� WDULII� LV� IXUWKHU� GHVFULEHG� LQ�
VHFWLRQ�����RI�>��@��7KUHH�GLIIHUHQW�SRZHU�EDUULHUV�ZHUH�WHVWHG�
EDVHG�RQ�WKH�KRXVHKROG�V�DJJUHJDWHG�DQQXDO�ORDG�SURILOH��7KHVH�

)LJ����,QWHJUDWHG�933�DUFKLWHFWXUH�XVHG�LQ�LQLWLDO�69(1�VHWXS��&RQFHSWXDO�DUFKLWHFWXUH� LV�DQ�RZQ�GHVLJQ�FRPELQLQJ�LQVLJKWV�IURP�3XGMLDQWR���������<RX�
��������6HWLDZDQ��������DQG�0DVKRXW����������

����������������������������������,(((



SHDN�GHPDQG�EDUULHUV�DIIHFW�WKH�SDUDPHWHUL]DWLRQ�RI�WKH�SRZHU�
FRPSRQHQW�RI�WKH�WDULIIV�E\�HVVHQWLDOO\�SHQDOL]LQJ�KRXVHV�WKDW�
H[FHHG�WKHLU�LQGLYLGXDO�OLPLW��7KH�REMHFW�RI�WKLV�WHVW�LV�WR�GHILQH�
D� VXLWDEOH� WDULII� IRU� WKH� 933� WR� RIIHU� SURVXPHU� KRXVHKROGV��
3HUIRUPDQFH�LV�EDVHG�RQ�WZR�FULWHULD��HQHUJ\�SURFXUHPHQW�FRVW�
RSWLPL]DWLRQ�IURP�WKH�ZKROHVDOH�PDUNHW�XVLQJ�D�UHDO�WLPH�SULFH�
HQHUJ\�FRPSRQHQW��DQG�VKDYLQJ�RI�GHPDQG�SHDNV�IRU�QHWZRUN�
RSWLPL]DWLRQ�� 7KH�&LW\� RI�0HOERXUQH� LV� XVHG� DV� D� FDVH� VWXG\�
DQG��DV�VXFK��WKH�9LFWRULD�HQHUJ\�PDUNHW�YDOXHV�DQG�G\QDPLFV�
DUH� XVHG�� 7KH� WDULIIV� DUH� FRPSDUHG� ZLWK� D� VWDQGDUG� IL[HG�
9LFWRULD�UHVLGHQWLDO�WDULII�LQ�KRXVHKROGV�ZLWKRXW�'60�GHYLFHV��
7KH�VLPXODWLRQ�ZDV�GRQH�IRU�WKH�PRQWK�RI�)HEUXDU\������LQ����
PLQ�LQWHUYDOV��7KH�3HDN�RI�6XP��3R6��UHSUHVHQWV�QHZ�PRQWKO\�
SHDN�GHPDQG�RI�DOO����KRXVHKROGV���

(QHUJ\�SURFXUHPHQW�DQG�WRWDO�FRVWV�DUH�HIIHFWLYHO\�UHGXFHG�
E\�DOO� IOH[LEOH�WDULIIV��+RZHYHU��WKH�QHZ�PRQWKO\�SHDN�VKRZV�
GLIIHUHQW� UHVXOWV� IRU� HDFK� EDUULHU�� )XUWKHU� DGMXVWPHQWV� DUH�
UHTXLUHG�LQ�WKH�SDUDPHWHUL]DWLRQ�SURFHVV�LQ�RUGHU�WR�HVWDEOLVK�WKH�
PRVW�UREXVW�WDULII��

B.  Analysis of individual household profile at critical 
optimization periods  

,Q� RUGHU� WR� HYDOXDWH� EDUULHU� EHKDYLRU�� D� PRUH� GHWDLOHG�
DQDO\VLV� ZDV� GRQH� RI� WKH� GLIIHUHQW� WDULIIV� GXULQJ� WKH�
RSWLPL]DWLRQ� SHULRG�� 'XULQJ� WKH� PRQWK� RI� )HEUXDU\� ������ D�
GLVWLQFW�SHDN�LQ�GHPDQG�LV�SURGXFHG�RQ������DQG�D�VSLNH�RI�WKH�
PDUNHW� SULFH� DOVR� RFFXUV� RQ� ������� $� VSHFLILF� KRXVHKROG� LV�

VHOHFWHG�WR�HYDOXDWH�LWV�VSHFLILF�SURILOH� IRU�HDFK�RI�WKHVH�GD\V��
5HVXOWV�VXJJHVW�DQ�LQFUHDVH�LQ�WKH�3R6�PLJKW�EH�GXH�WR�VWRUDJH�
FDSDFLW\��EDUULHU�OHYHO�UHODWLYH�WR�VSHFLILF�SHDN�FRQWULEXWLRQ�DQG�
WKH�YDOXH�RI�SRZHU�FRVWV�!�EDUULHU��)RU�D�VSLNH� LQ� WKH�PDUNHW�
SULFH��UHVXOWV�VKRZ�KRXVHKROGV�PDQDJHG�WR�DYRLG�WKH�KLJK�FRVWV�
HYHQO\�XQGHU�DOO�WDULIIV�XVLQJ�WKHLU�G\QDPLF�ORDGV�DQG�VWRUDJH�
FDSDFLW\��1HYHUWKHOHVV��LQGLYLGXDO�KRXVHKROGV�ZHUH�IDFHG�ZLWK�
XS� WR� D� ������ FRVW� LQ� MXVW� D� ���PLQ� LQWHUYDO� GXULQJ� WKH� KLJK�
PDUNHW� SULFH�� %RWK� RI� WKH� IROORZLQJ� H[DPSOHV� FRUUHVSRQG� WR�
WDULII��'3&UWS��$�)LJXUH�LV�QRW�LQFOXGHG�GXH�WR�VSDFH�FRQVWUDLQW��

C.   Large Consumer Tariff Modeling 
&RQVLGHULQJ� ODUJH� FRQVXPHUV� LQ� RIILFH� EXLOGLQJV� KDYH�

GLIIHUHQW�FRQVXPSWLRQ�SURILOHV��WKHLU�WDULII�VWUXFWXUH�LV�JHQHUDOO\�
GLIIHUHQW�WR�WKH�FRQYHQWLRQDO�UHVLGHQWLDO�WDULII��8QGHU�%$8��WKH�
EXLOGLQJ� DQDO\]HG� �WKH� µ6SRW¶� EXLOGLQJ� DW� 7KH� 8QLYHUVLW\� RI�
0HOERXUQH��UHFHLYHV�D�7LPH�RI�8VH��728��IL[HG�WDULII�IRU�ERWK�
HQHUJ\� DQG� SRZHU�� ,Q� RUGHU� WR� SURYLGH� KLJKHU� IOH[LELOLW\�� WKH�
�'3&UWS�WDULII�ZDV�DSSOLHG�DQG�WHVWHG�VLQFH�LW�DOORZ�FRQVXPHUV�
WR�EX\�HQHUJ\�GLUHFWO\�DW�ZKROHVDOH�SULFH��7KH�SRZHU�EDUULHU�ZDV�
FDOFXODWHG�EDVHG�RQ�WKH�DQQXDO�SHDN�RI�LWV�IXOO�DJJUHJDWHG�ORDG�
FOXVWHU� �L�H�� 3DUNYLOOH� FDPSXV��� 3UHOLPLQDU\� UHVXOWV� VKRZ� D�
KLJKHU�HQHUJ\�SURFXUHPHQW�FRVW�LI�DQ�573�WDULII�LV�DSSOLHG��DQG�
WKXV�ZRXOG�EH�GHWULPHQWDO�ERWK�IRU�WKH�FRQVXPHU�DQG�WKH�933��
7KLV� VXJJHVWV� WKH� %$8� WDULII� KDV� D� VLJQLILFDQW� HQHUJ\� FRVW�
FRPSRQHQW�WKDW�KDV�EHHQ�KHGJHG�LQ�DGYDQFH�IRU�WKLV�ODUJH�XVHU��
,Q� RUGHU� WR� PRGHO� D� FRVW� RSWLPL]HG� WDULII� WKDW� FRXOG� SURYLGH�

)LJXUH����933B)RUP�����&RQFHSWXDO�0RGHOLQJ�DQG�$UFKLWHFWXUH��7KH�ILJXUH�GHVFULEHV�WKH�JHQHUDO�G\QDPLFV�LQYROYHG�LQ�WKH�VLPXODWLRQ��ZKHUH�WKH�SRUWIROLR�
LQFOXGHV�ZLQG�JHQHUDWLRQ��PRGHOHG�DV�RZQHG�E\�WKH�YSS�LQ�WKLV�FDVH���D�ODUJH�RIILFH�EXLOGLQJ�DQG����KRXVHKROGV�ZLWK�39�JHQHUDWLRQ�DQG�'HPDQG�6LGH�0DQDJHPHQW�
�'60��GHYLFHV��'DWDVHW�VRXUFHV�DUH�GHVFULEHG�EHORZ��'60�GHYLFHV�DUH�VLPXODWHG�XVLQJ�SDUDPHWHUV�GHVFULEHG�LQ�VHFWLRQ�����RI�>��@��7KH�933�PDUNHW�PDQDJHPHQW�
V\VWHP�FRPPDQGV�WKH�G\QDPLFV�EDVHG�RQ�WKH�IROORZLQJ�VWHSZLVH�SURFHVV���
�����3URYLGHV�PHPEHUV�ZLWK�LQIRUPDWLRQ�DQG�VXSSRUW�IRU�WKHP�WR�FDOFXODWH�DQ�RSWLPL]HG�ORDG�VFKHGXOH�EDVHG�RQ�FRVW�UHGXFWLRQ��,Q�WKLV�FDVH��WKLV�LV�SHUIRUPHG�ZLWK�
VPDUW�WDULIIV�WKDW�LQFOXGH�ZKROHVDOH�SULFH�DQG�LQGLYLGXDO�SRZHU�EDUULHU��
�����0HPEHUV��H�J��WKHLU�+RPH$UHD1HWZRUN�RU�%XLOGLQJ0DQDJHPHQW6\VWHP��SHUIRUP�WKH�RSWLPL]DWLRQ�IXQFWLRQ�WR�UHGXFH�HOHFWULFLW\�FRVWV�EDVHG�RQ�WDULII��ORDG�DQG�
RWKHU�SDUDPHWHUV��2SWLPL]HG�VFKHGXOHV�DUH�WKHQ�UHSRUWHG�WR�WKH�933��)RU�WKLV�H[DPSOH��WKH�RSWLPL]DWLRQ�LV�GRQH�ZLWK�WKH�5HQHZDEOH�(QHUJ\�'LVSDWFK�6LPXODWLRQ�
�5HG6LP��DW�)UDXQKRIHU�,:(6�>��@����
�����7KH�933�DJJUHJDWHV�DOO�ORDG�SURILOHV�DQG�SHUIRUPV�DQ�RSWLPL]DWLRQ�IXQFWLRQ�WR�PD[LPL]H�LWV�JURVV�PDUJLQ�RU�SURILW��L�H��LQFRPH���FRVW��DQG�XVHV�UHVXOWV�WR�PDNH�
GHFLVLRQV�RQ�ZKHWKHU�WR�EX\�RU�VHOO�DW�WKH�PDUNHW��RU�WUDGH�HQHUJ\�LQWHUQDOO\���
�����933�H[HFXWHV�H[WHUQDO�DQG�LQWHUQDO�PDUNHW�RSHUDWLRQV���7KLV�LV�QRW�VLPXODWHG�VLQFH�WKH�V\VWHP�DVVXPHV�]HUR�XQFHUWDLQW\������ �
�����933�FROOHFWHG�DQG�GLVWULEXWHG�SD\PHQWV��
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HFRQRPLF�DGYDQWDJH�WR�ERWK�WKH�XVHU�DQG�WKH�933��WKH�EDVHORDG�
DQG� SHDN� IXWXUH� SULFH� �L�H��$6;�� FRXOG� EH� XVHG� LQ�PRGHOLQJ�
WDULIIV�IRU�WKH�QH[W�VLPXODWLRQV���

D. VPP_Form1.1: Aggregated Portfolio 
$V� GHVFULEHG� LQ� )LJ�� ��� RQFH� WKH�933�PHPEHUV� RSWLPL]H�

WKHLU�ORDGV�IRU�PLQLPL]DWLRQ�RI�FRVWV��WKH�933�DJJUHJDWHV�WKHVH�
ORDGV� DQG� HVWDEOLVKHV� WKH�GHFLVLRQ�RI�PDUNHW�ELGV� EDVHG�RQ� D�
SURILW�RSWLPL]DWLRQ�IXQFWLRQ��(VVHQWLDOO\��GHFLVLRQV�DUH�PDGH�RQ�
ZKHWKHU�HQHUJ\�LV�ERXJKW�DQG�VROG�LQ�WKH�FHQWUDO�PDUNHW��RU�LI�LW�
LV�WUDGHG�LQWHUQDOO\�EHWZHHQ�WKH�933�PHPEHUV��%\�DSSO\LQJ�WKLV�
H[HUFLVH�� VHYHUDO� G\QDPLFV� KDYH� EHHQ� REVHUYHG�� )LUVW�� VLQFH�
ZLQG�JHQHUDWLRQ�LV�YDOXHG�KHUH�EDVHG�RQ�WKH�PDUNHW�SULFH�SOXV�
WKH�$XVWUDOLDQ�5(&��SURYLGLQJ�ZLQG�HQHUJ\�WR�KRXVHKROGV�ZLWK�
DQ�573� FRPSRQHQW� SURYLGHV� QR� H[WUD� DQG� QR� OHVV� HFRQRPLF�
YDOXH�RWKHU�WKDQ�LWV�HQYLURQPHQWDO�EHQHILW��7KHUHIRUH��WKH�IXOO�
KRXVHKROG�ORDGV�DUH�FRYHUHG�ZLWK�ZLQG�DV�ORQJ�DV�WKLV�VRXUFH�LV�
DYDLODEOH��6HFRQG��LQ�RUGHU�WR�TXDQWLI\�WKH�DPRXQW�RI�ZLQG�VROG�
WR� WKH�RIILFH�EXLOGLQJ��D�ORJLFDO�ODUJH�FRQVXPHU�WDULII�PXVW�EH�
HVWDEOLVKHG� IRU� FRVW� FRPSDULVRQ�� +RZHYHU�� EDVHG� RQ�
SUHOLPLQDU\�DVVHVVPHQW�RI�573�YV��KHGJHG�SULFHV�LQ�WKHVH�W\SHV�
RI� WDULIIV�� LW� LV� XQOLNHO\�ZLQG� JHQHUDWLRQ� FRXOG� FRPSHWH�ZLWK�
IXWXUH� FRQWUDFWV� XQOHVV� RWKHU� ILQDQFLDO� PHFKDQLVPV� DUH�
LQYROYHG�� 7KLUG�� VLQFH� KRXVHKROG� VRODU� IHHG�LQ� WLPH� LQWHUYDO�
FRLQFLGHV� ZLWK� WKH� RIILFH� EXLOGLQJ� SHDN� GHPDQG�� EDVHG� RQ�
RSWLPL]HG�QHWZRUN�ORJLF��WKLV�WUDQVDFWLRQ�VKRXOG�EH�SHUIRUPHG��
%XW�LI�WKH�UHWDLOHU�YSS�PXVW�SD\�WKH�)L7�DQG�VHOO�WKLV�HQHUJ\�WR�

WKH�ODUJH�FRQVXPHU��WKH�WUDQVDFWLRQ�ZRXOG�UHVXOW�DW�D�ORVV�IRU�WKH�
UHWDLOHU� VLQFH� WKH� )L7� LV� JHQHUDOO\� KLJKHU� WKDQ� ZKROHVDOH� RU�
IXWXUH�SULFH�LQ�$XVWUDOLD��1HYHUWKHOHVV��LI�GHPDQG�UHVSRQVH�RU�D�
QHWZRUN� RSWLPL]DWLRQ� VHUYLFH� ZHUH� IDFWRUHG� LQWR� WKLV� HQHUJ\�
EDODQFLQJ��WKHQ�WKH�WUDQVDFWLRQ�ZRXOG�SURYLGH�H[WUD�UHYHQXH�WR�
WKH� 933�� )LQDOO\�� VLPXODWLRQ� RI� PRQHWL]HG� GHPDQG� UHVSRQVH�
VHUYLFHV� XVLQJ� HVWDEOLVKHG� '5� PDUNHW� SUDFWLFHV� HOVHZKHUH�
ZRXOG�EH�LPSRUWDQW�WR�UHIOHFW�IXUWKHU�UHYHQXH�PRWLYDWLRQ�IRU�WKH�
933�HFRQRPLF�SHUIRUPDQFH��

9,��',6&866,21�
&ROOHFWLYHO\��WKHVH�UHVXOWV�SURYLGH�D�YDOXDEOH�VWHSSLQJ�VWRQH�

IRU�RULHQWLQJ�WKH�QH[W�VLPXODWLRQV�RI�D�933��)XUWKHU�ZRUN�ZLOO�
EH�GRQH� LQ� LPSURYLQJ� LQWHUQDO�PDUNHW�G\QDPLFV�E\� DGMXVWLQJ�
WDULIIV�� DQG� WKH� GHFLVLRQ�PDNLQJ� SURFHVV� DQG� PDUNHW�
RSSRUWXQLWLHV� IRU� PD[LPL]LQJ� HQHUJ\� WUDGHG� LQWHUQDOO\�� 2QFH�
WKHVH�WZR�IDFWRUV�VKRZ�PRUH�UREXVW�UHVXOWV��WKH�933�SRUWIROLR�
ZLOO� EH� LQFUHDVHG� WR� LQFOXGH� PRUH� RIILFH� EXLOGLQJV� DQG�
KRXVHKROGV�DV�ZHOO�DV�RWKHU�'(5V��L�H��GLVSDWFKDEOH�JHQHUDWLRQ��
(9�HWF��� ,Q�D�VLPXODWHG�933�SRUWIROLR�ZLWK���RIILFH�EXLOGLQJV�
DQG� ����� KRXVHKROG� ORDG� SURILOHV� �QRW� VKRZQ��� UHVXOWV� DUH�
H[SHFWHG�WR�VKRZ�D�UHYHQXH�VWUHDP�IURP�WKH�GLIIHUHQW�VHUYLFHV�
WKDW�PLJKW�EHJLQ�WR�KHOS�DVVHVV�D�ORJLFDO�EXVLQHVV�FDVH�IRU�WKLV�
V\VWHP���

8S� WR� WKLV� SRLQW�� WKLV� 933�PRGHOLQJ� ZRUN� KDV� UHPDLQHG�
LQGHSHQGHQW�IURP�WKH�VRFLDO�LQQRYDWLRQ�FRQWH[W�DGGUHVVHG�LQ�D�

)LJXUH����3K\VLFDO�DQG�HFRQRPLF�EHKDYLRU�RI�KRXVHKROGV�XVLQJ�WDULIIV�ZLWK�GLIIHUHQW�IOH[LEOH�SRZHU�EDUULHUV��7KUHH�GLIIHUHQW�EDUULHUV�DUH�XVHG�WR�GHILQH�WKH�
WDULII�SRZHU�FRPSRQHQW�XVLQJ�DQQXDO�SHDN�ORDGV�VKRZQ�LQ��D���2SWLPL]DWLRQ�UHVXOWV�DUH�VKRZQ�IRU�WKH�PRQWK�RI�)HEUXDU\��7KH�QHZ�PRQWKO\�DJJUHJDWHG�SHDNV�
DUH�VKRZQ�LQ��E���WRWDO�SD\PHQWV�IRU�HOHFWULFLW\�GLVFULPLQDWHG�E\�WDULII�FRPSRQHQW�DUH�VKRZQ�LQ��F��DQG�WKH�QHZ�DYHUDJH�VSRW�SULFH�SDLG�E\�KRXVHKROGV�LV�VKRZQ�
LQ��G���$SSOLHG�EDUULHUV�DQG�WDULIIV�DUH�GHVFULEHG�DV�IROORZV��
x� 9,&IL[���6WDQGDUG�9LFWRULD�UHVLGHQWLDO�WDULII�ZLWK�IL[HG�FRPSRQHQWV��'HVFULEHG�LQ�OHIW�VLGH�RI�ILJ��H���
x� �'3&UWS���7KLV�WDULII�DSSOLHV�WKH�VDPH�G\QDPLF�DV�3&��ZLWK�(&UWS�LQ�6FKUHLEHU�HW�DO����������VHFWLRQ�������,W�XVHV�WKH�DQQXDO�3R6�DV�WKH�YDOXH�WR�ZKLFK�WKH�

VXP�RI�DOO�LQGLYLGXDO�KRXVHKROG�EDUULHUV�DGGV�XS��,QGLYLGXDO�EDUULHUV�DUH�FDOFXODWHG�E\�WKHLU�DYHUDJH�FRQWULEXWLRQ�RI�ZLWKGUDZDO�SRZHU��3ZS���RI�DOO�KRXVHV�
LQ�WKH�ZKROH�\HDU��&RVW�IRU�SRZHU���EDUULHU�LV���������N:K�ZKLOH�!EDU�LV����N:K��/LNH�LQ�DOO�WDULIIV�ZLWK��UWS���HQHUJ\�LV�SURFXUHG�LQ�WKH�ZKROHVDOH�PDUNHW�
LQ�UHDO�WLPH�YDOXHV�EDVHG�RQ�9,&�WUDGLQJ�SULFH��

x� �D'3&UWS�±�8VHV�VDPH�FRVW�YDOXHV�DV��'3&UWS�EXW�KRXVHV�GRQ�W�KDYH�DQ�LQGLYLGXDO�EDUULHU��,QVWHDG�WKH\�KDYH�D�FROOHFWLYH�EDUULHU�DQG�DUH�RQO\�SHQDOL]HG�
ZLWK�WKH�FROOHFWLYH�ORDG�H[FHHGV�WKH�EDUULHU��7KH�EDUULHU�LV�QRW�H[FHHGHG�LQ�)HEUXDU\�ZKLFK�LV�ZK\�WKH�3R6�LV�VLJQLILFDQWO\�KLJKHU�DQG�QR�KLJK�FRVWV�DERYH�
WKH�EDUULHU�DUH�SDLG���

����������������������������������,(((



69(1��7KLV�LV�H[SOLFLW�LQ�RUGHU�WR�ILUVW�XQGHUVWDQG�WKH�JHQHUDO�
%XVLQHVV�0RGHO� G\QDPLFV� LQYROYHG� LQ� D� 933� EHIRUH� DGGLQJ�
RWKHU�VRFLDO� IDFWRUV��1HYHUWKHOHVV��JLYHQ� WKH�SRUWIROLR�UHYHQXH�
VWUHDP�VKRZV�ORZ�LQWHUQDO�HQHUJ\�WUDQVIHU�DQG�D�GLVWLQFW�LQFRPH�
VRXUFH� IURP�JHQHUDWLRQ�DQG� UHWDLOLQJ�RYHU� RWKHU�VHUYLFHV�� WKLV�
933�EXVLQHVV�PRGHO�FRXOG�EH�GHVFULEHG�DV�D�FRPPXQLW\�RZQHG�
³JHQWDLOHU´� �L�H�� YHUWLFDOO\� LQWHJUDWHG� JHQHUDWRU� DQG� UHWDLOHU���
+LVWRULFDOO\��JHQWDLOHUV�DUH�FKDUDFWHUL]HG�E\�HFRQRP\�RI�VFDOH�
ZLWK�YHU\�KLJK�FDSLWDO�FRVWV��$�VPDOO�FRPPXQLW\�933�JHQWDLOHU�
FRXOG�UHGXFH�FDSLWDO�DQG�PDUJLQDO�FRVWV�E\�RXWVRXUFLQJ�PRVW�RI�
LWV�PDQDJHPHQW�WR�D�ZHE�SODWIRUP��7KLV�LQVLJKW�EHJV�IRU�IXWXUH�
DQDO\VLV� ZKHQ� HYDOXDWLQJ� D� ORJLFDO� EXVLQHVV� FDVH� IRU� WKH�
SURSRVHG�V\VWHP���
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>�@� '��3XGMLDQWR��&��5DPVD\��DQG�*��6WUEDF���9LUWXDO�SRZHU�SODQW�DQG�V\VWHP�

LQWHJUDWLRQ� RI� GLVWULEXWHG� HQHUJ\� UHVRXUFHV��� IET Renewable Power 
Generation, YRO�����S������������

>�@� 6��/XNRYLF��,��.DLWRYLF��0��0XUD��DQG�8��%RQGL���9LUWXDO�3RZHU�3ODQW�$V�
D� %ULGJH� EHWZHHQ� 'LVWULEXWHG� (QHUJ\� 5HVRXUFHV� DQG� 6PDUW� *ULG��� LQ�
System Sciences (HICSS), 2010 43rd Hawaii International Conference on��
������SS�������

>�@� 0��$��6DOPDQL��$��$Q]DOFKL��DQG�6��6DOPDQL���9LUWXDO�3RZHU�3ODQW��1HZ�
6ROXWLRQ� IRU� 0DQDJLQJ�'LVWULEXWHG�*HQHUDWLRQV� LQ� 'HFHQWUDOL]HG� 3RZHU�
6\VWHPV���LQ�Management and Service Science (MASS), 2010 International 
Conference on��������SS�������

>�@� <��6KL��&��7UDHKROW��DQG�%��3RXOVHQ���$�PDUNHW�EDVHG�9LUWXDO�3RZHU�3ODQW���
LQ�Clean Electrical Power, 2009 International Conference on��������SS��
���������

>�@� 6�� <RX�� &�� 7U KROW�� DQG� %�� 3RXOVHQ�� �*HQHULF� YLUWXDO� SRZHU� SODQWV��
0DQDJHPHQW�RI�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�XQGHU� OLEHUDOL]HG�HOHFWULFLW\�
PDUNHW���������

>�@� 0��%UDXQ���9LUWXDO�SRZHU�SODQW�IXQFWLRQDOLWLHV�'HPRQVWUDWLRQV�LQ�D�ODUJH�
ODERUDWRU\�IRU�GLVWULEXWHG�HQHUJ\�UHVRXUFHV��� LQ�Electricity Distribution - 
Part 1, 2009. CIRED 2009. 20th International Conference and Exhibition 
on��������SS�������

>�@� *�� &KDONLDGDNLV�� 9�� 5REX�� 5�� .RWD�� $�� 5RJHUV�� DQG� 1�� 5�� -HQQLQJV��
�&RRSHUDWLYHV�RI�GLVWULEXWHG�HQHUJ\�UHVRXUFHV� IRU�HIILFLHQW� YLUWXDO�SRZHU�
SODQWV��� SUHVHQWHG� DW� WKH� 7KH� ��WK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
$XWRQRPRXV�$JHQWV�DQG�0XOWLDJHQW�6\VWHPV���9ROXPH����7DLSHL��7DLZDQ��
������

>�@� 2��3DOL]EDQ�� .��.DXKDQLHPL�� DQG� -��0��*XHUUHUR�� �0LFURJULGV� LQ� DFWLYH�
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Chapter 6: Supplementary Material & Figures 

Analysis of individual household profile at critical optimization periods  
In order to evaluate barrier behaviour, a more detailed analysis was done of the different tariffs during the 
optimization period. During the month of February 2013, a distinct peak in demand is produced on 9/02 and a 
spike of the market price also occurs on 18/02. A specific household is selected to evaluate its specific profile 
for each of these days. Results suggest an increase in the PoS might be due to storage capacity, barrier level 
relative to specific peak contribution and the value of power costs > barrier. For a spike in the market price, 
results show households managed to avoid the high costs evenly under all tariffs using their dynamic loads 
and storage dispatch. Nevertheless, individual households were faced with up to a $2,60 cost in just a 15 min 
interval during the high market price. Both of the following examples correspond to tariff 1DPCrtp.  

 
Figure SM1. Individual household profiles at specific optimization periods. Fig (a) shows the full monthly 
optimization of all 4 tariffs with aggregated net loads. The use of storage and DL to maximize self-sufficiency can be 
observed (reduction in both Feed-in (Pwp-) and withdrawal power (Pwp+). (b) shows a house with a high withdrawal peak 
and a very low power barrier, while the same house is seen in (c) with an optimized load. However, the DSM devices 
are not enough to keep the load below the barrier throughout this almost 5 hour period. Fig (d) shows a different 
household profile under a day with a spike in market price. Under BAU, the house is not exposed to the market price 
and therefore has no incentive to optimize its consumption. When an RTP component is added to the tariff, the 
household flexible loads allow the peak to be reduced significantly. However, the net load of this house at 17:30 costs 
around $2.6.  
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Large Consumer Tariff Modeling 
In general, large consumers in office buildings have very different consumption properties and would hardly 
have an excess in solar generation. This is why the tariff design is different to the conventional households. 
Under BAU, this building receives Time of Use (TOU) fixed tariff for both energy and power. In order to 
provide higher flexibility, the 1DPCrtp tariff was applied and tested for its effectivity since it allows the consumer 
to buy energy directly at wholesale price. The power barrier was calculated based on the annual peak of its full 
aggregated load cluster (i.e. Parkville campus). Preliminary results show a higher energy procurement cost if 
an RTP tariff is applied, and thus would be detrimental both for the member and the VPP. This suggests the 
BAU tariff has a significant energy cost component that has been hedged in advance for this large user. In 
order to model a cost optimized tariff that could provide economic advantage to both the user and the VPP, 
the baseload and peak future price could be factored into future simulations.  

 
Figure SM2. Tariff analysis for The Spot building at The University of Melbourne. Fig (a) shows the full monthly 
load of the Parkville campus at a TOU discrimination. The Spot building represents around 5% of this total load as 
shown in (b) and the Peak tariff is applied in every high demand time interval. Fig (c) shows an increase in energy 
procurement cost and payments when applying an RTP component. Significant cost reduction must be achieved by 
hedging energy in order to make a cost-effective tariff. The demand type component is a fixed charged for the user ́s 
highest peak and is therefore identified as a potential saving if using demand response. (d) shows the structure and 
parametrization of the BAU tariff while (e) provides a suggested structure that will be tested in future modelling, 
based on the insights presented.  
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Chapter 7 
The Power of Sharing for Sharing Power:  
A blockchain-enabled p2p energy economy? 

The previous chapter explored and developed the first iteration in the conceptual design of social virtual energy 
networks (SVEN). It used the virtual power plant (VPP) model to enable peer-to-peer (p2p) interactions, 
focusing on tariff design and cost optimized transactions. This chapter represents the second iteration in the 
design of the SVEN. It builds on the discussion of the previous iteration and includes new considerations for 
advancing its development into the web platform space. Namely, it considers the incorporation of both 
blockchain technology and advances in human-to-computer interaction in the form of UX/UI (i.e. user 
experience & interface). In fact, whilst the previous chapter presents elements of a SVEN’s market design with 
a preliminary quantitative analysis, a key design output of this chapter are mobile user interfaces and their 
architecture relative to blockchain use-cases. This output intends to provides design synthesis given such a 
complex smart grid system. 
Following the design thinking process adopted for Part II, this chapter’s second iteration of the SVEN model 
utilizes abductive reasoning to derive key design features and synthesis (Dorst, 2011; Kolko, 2010). This not 
only applies to the mobile user interfaces in section 7.3, but also in the reasoning to incorporate both 
blockchain technology and interfaces into SVEN’s key functions, given that these elements haven’t been 
thoroughly covered previously in the thesis. In other words, it’s the intuitive mental leaps allowed by abduction 
that enable these incorporations to the second SVEN design iteration. Furthermore, abduction, intuition and 
the sensibility of the designer are used in the methodology for user interface design, as opposed to a strict 
methodology in human-centred design, whereby real people are used in the process of design testing and 
validated learning through user feedback (Brown, 2008). This process is expected to occur subsequent to this 
thesis. The incorporation of blockchain technology into the SVEN business model concept does follow a 
methodology and framework development that specifically builds on the chapter 4 multi-level perspective on 
sociotechnical systems.  
Like the previous chapter, the design principle in this chapter’s approach remains the same: “Is it possible to 
design a scalable and replicable social business model and system for aggregating distributed energy resources 
using a decentralized peer-to-peer Internet network in its management and operation?” However, based on the 
observations and considerations that emerge from the previous iteration exercise, this chapter specifies 
research questions tailored to the new considered dimensions and elements in the design: blockchain and UI. 
Specifically, this chapter asks: what are use-cases of blockchain technology in the SVEN concept? And, can a 
simple and intuitive user interface be designed so as to foster mainstream adoption? 
The chapter begins by revising the key points in the resulting analysis of the previous chapter. It introduces 
blockchain technology and user experience as key elements to explore in a SVEN’s integrated design, providing 
an overview of both and their application to the p2p energy sector. This is followed by the chapter’s core 
analysis in section 7.2, which presents electric utility business model archetypes in an array of increased 
blockchain use-cases and role in a multi-level perspective of sociotechnical system transition context. These 
archetypes are used to define the second design of the SVEN model, presented at the end of the chapter in the 
form of a smart phone user interface.  
 

7.1 Web platforms for community energy management: the role of blockchain, ownership 
and user interfaces. 
A key result in the use of flexible tariffs and cost optimization modelling in a SVEN’s business feasibility —as 
presented in the discussion section of chapter 6, is that the degree of internal energy trading among peers is 
highly dependent on local market conditions (Wainstein et al., 2017). Power system regulations (eg. tariff 
structures, public incentives, network costs, etc.) are far from homogeneous at either international, national or 
even state levels, and can vary on a time resolution. This would fundamentally prevent a p2p energy model 
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from scaling and replicating in a ‘viral’ manner (see section 5.4). But as suggested in chapter 6, a key feature 
for a virtual energy community to hold financial feasibility in diverse conditions, is to be able to operate as a 
generator, retailer, and use the internal energy transactive nature (i.e. balancing) for multiple demand response 
service provision (e.g. collective peak shaving). Because of associated upfront and operating costs, these are all 
features found only in large —often vertically integrated— energy companies rather than atomized 
community-run energy initiatives. In order for a SVEN model to cost effectively operate across these functional 
features, it would have to shift most, if not all, its user-facing and back office operations and to a web platform 
and server respectively. 
Notable platforms that have effectively disrupted their economic sector by enabling p2p transactions to 
maximize the utility of members’ resources (Sundararajan, 2016)—with Airbnb and Uber being the most 
outstanding examples— show two features worth raising in regards to social innovation. 
The first is that whilst peers do transact with each other, holding agency over many terms in their economic 
dynamic, the enabling platform is privately owned and subject to shareholder primacy dynamics (see chapter 
3). As analysed in chapter 4, cooperatives, or more decentralised alternatives (i.e. in regards to financial power), 
have not been able to significantly compete on market share with the privately-owned counterparts. In fact, 
following Phills’ (2008) definition of social innovation, platforms like Airbnb and Uber would arguably not 
classify as a form of social innovation. This is because —from the resulting p2p economy— the highest 
accumulation of financial capital corresponds to the owners of the platform rather than its society as a whole 
(Martin, 2016). Figure 7.1 illustrates the differences in ownership and development structure between private 
and closed platform, with open ones. The models involve different governance and microeconomic p2p 
dynamics. 

 
Figure 7.1 |  Ownership and development in p2p web platforms. Left diagram illustrates a ‘closed’ platform 
environment that is owned and developed by a private firm (eg. Airbnb and Uber). The right diagram represents an 
open platform that is cooperatively owned and uses crowd-sourcing for its development (e.g. Linux OS). 

The second feature worth drawing attention to, is that the disruptive effect of platforms like Airbnb and Uber 
arises from incorporating mainstream users that don’t necessarily need to comprehend the intricacies of the 
platform and its technology (Seuken et al., 2010). To reduce the ‘barriers of entry’ for mainstream users, the 
key factor is a highly intuitive user interface that facilitates the human-to-platform interaction and conveys 
trust. User interface design therefore has a key role in determining p2p behaviour in an online market 
environment and is an emerging field of study (Lampinen and Brown, 2017; Seuken et al., 2012).  Furthermore, 
mainstream users —or more specifically ‘customer preference’— may not be allocating a high priority on 
whether the platform used is privately or community-owned; rather on the underlying user experience. 
Software developers and designers in the sharing economy increasingly highlight this issue (Karam, 2016). 
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Figure 7.2 | Lower ‘barriers of entry’ into p2p systems with user experience and interface design (UX/UI). 
Illustration conveys the notion that UX/UI can play a significant role in online p2p dynamics. Dotted lines represent 
arrows behind the device for illustration purposes, to heuristically convey that the interactions between two peers 
have the interface as the intermediary and filter.  Interface design is a factor in the mainstream user’s ease to engage 
on a p2p economy; it relates to the degree of information symmetry and thus trust in a virtual space.  

Having presented these factors affecting the disruptive capacity of p2p platforms, they can be translated into 
three features to consider in the design thinking approach of the SVEN platform. These are: that it should hold 
an alternative ownership and governance structure (e.g. cooperatively-owned, collectively managed), retain a 
low operating cost when decentralizing its management structure, and feature a simplified and intuitive user 
interface (i.e. enough to ensure equal mainstream customer experience than the privately-owned and closed-
development counterpart). To address these features, I consider the incorporation of blockchain technology 
(also known as distributed ledger) into the SVEN architecture, and the design of its UX/UI.  
Since late 2016, the emergence of blockchain technology and its application to the p2p energy sector has 
expanded significantly, among other reasons, because the technology’s value proposition promises to address 
two of the features just raised: facilitate alternative ownership structures, and reduce operational costs. 

7.1.1 The rise of the blockchain niche: a new dimension in p2p systems 

i) A brief introduction to blockchain (distributed ledger) technology 
Blockchain technology is a protocol to securely store information of historic transactions (i.e. a ledger) and 
execute smart contracts in a peer-to-peer network. By means of cryptography, a distributed computing 
network constantly monitors and approves (i.e. ‘mines’ a collection of valuable data) transactions occurring in 
real time. The network’s algorithm helps mining nodes bundle data into a block of transactions, and by a 
consensus process add them to the chain of previous verified blocks —producing a ‘block chain’ with the entire 
historical log. The blockchain network can be understood as a system involving two p2p networks that are not 
mutually exclusive: the network of peers exchanging value (‘parties’) and executing the transactions; and the 
network of computers approving and logging those transactions (‘miners’). Transactions can be of anything 
that holds value and can be represented in digital format (e.g. a digital currency, a vote, a string of code, 
information). Just like with the internet and the TCP/IP protocol, ultimately what is transacted among party’s 
ID in the network is information (Iansiti and Lakhani, 2017). Since all computers in the (mining) network hold 
a copy of the historical ledger, altering the historical information with false information (eg. double spending 
currency) requires changing the record in all computers. Depending on the size of the network and its 
computing power, this can be considered highly unlikely, enough to ensure that once transactions are logged, 
they are safe and virtually irreversible (i.e. the ‘immutability’ of the ledger). Moreover, because the system’s 
process to safely and consistently track transactions is orchestrated in a pure p2p fashion, no trusted middle-
party or authority is required (eg. a financial institution). Figure 7.3 illustrates the process involved in 
blockchain technology broken down to four key steps, from when peer transact until their transaction 
information becomes stored in a distributed ledger from where the new states and balances (eg. of peer’s digital 
assets) can be extracted.  
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Figure 7.3 |  A systems overview of blockchain technology. The diagram breaks down the process of a blockchain 
network to four key chronological steps. In this example, Alice transacts with Bob and the transaction information 
gets irreversibly recorded and encrypted in a distributed ledger (i.e. all network nodes have a copy of it) from where 
the new balance can be calculated. The diagram uses the name Proof-of-Work for its consensus algorithm (e.g. used 
in the Bitcoin and Ethereum network), yet other algorithms exist (e.g. Proof-of-Stake). 

Blockchain technology surfaced in 2008 with the publication of the whitepaper ‘Bitcoin: a peer-to-peer 
electronic cash system’ by an author using the pseudonym Satoshi Nakamoto (Nakamoto, 2008). Along with 
the whitepaper that explains the fundamental blockchain protocol, Nakamoto also developed its first open-
source application —the ‘bitcoin’ network and its digital currency. Almost 10 years after this development, 
bitcoin has become a global phenomenon and ushered in the rising interest on blockchain technology (Ito et 
al., 2017). Figure 7.4 shows data that illustrates how 2017 became a year of exponential valuation in blockchain 
applications. Digital currencies are not an innovation introduced by bitcoin’s blockchain; there have been 
multiple previous forms of digital currencies prior to 2008, albeit unsuccessful relative to Bitcoin (Tschorsch 
and Scheuermann, 2016). Nakamoto’s Bitcoin and blockchain innovation, however, seamlessly integrates key 
prior features into a robust value-exchange protocol. The key features are the use of: ‘digital signatures,’ a code 
to verify the sender’s identity; a ‘consensus algorithm’ to ensure all computing nodes validate the incoming 
transactions and the most trusted historical chain of logs —which in bitcoin is called the ‘proof-of-work’ 
algorithm; and the use of cryptographic ‘hashes’ (computing functions to map data) with timestamps to bundle 
transactions in a block.  

Digital currencies: the bitcoin 
In a digital currency network, an initial number of units/tokens of value (eg. a bitcoin) are introduced and then 
exchanged by means of credits and debits bookkeeping. New tokens (i.e. supply) are released according to the 
specific protocol design. In the Bitcoin network, an algorithm is used to regulate a controlled supply of new 
bitcoin tokens (Antonopoulos, 2014). Currently 12.5 bitcoins are added to the network per mined block, 
compensating the miner’s ‘work’ of introducing a new validated block to the chain. New blocks are mined on 
average every 10 minutes, and the value of tokens added per block halves every 4 years to eventually yield a 
total of 21 million bitcoins. The word ‘mining’ comes from the fact that this decreasing supply of bitcoin 
mimics the mining process of scarce resource such as gold. The control supply model of the algorithm replaces 
the need for a central bank as an authority (BitcoinWiki, 2018).  
By the economic effects of supply and demand for the tokens in the network, its individual perceived value 
increases or decreases. In the case of bitcoins, its price increased as the community of users began realising 
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they could trust the mediator-less underlying protocol and system, which showed resilience and reliability over 
time (Vigna and Casey, 2016). Starting at a negligible price when Nakamoto first released the first tokens, the 
bitcoin price took around 4 years to cross U$S1000 in value by 2013, and retained a fairly steady price for 
another 4 years until in 2017, the prices stunned the world rocketing up to a max yearly value of $19343 
(coindesk, 2018a). The left diagram in Fig. 7.4 shows bitcoin’s 2017 prices.   
An underlying systemic signal that can be derived from the rise of Bitcoin’s valuation, is that blockchain 
technology applied to a digital currency, even as a proof-of-concept, has shown robustness on how much trust 
users are willing to place on a fully decentralized system with no trusted authority. As opposed to the 
conventional financial system, which operates with trusted banking institutions and is backed by governments, 
users of a blockchain-based currency (also called crypto currencies) absorb very little management costs per 
trusted transaction (Vigna and Casey, 2016). This can be contrasted with, for example, credit card transaction 
costs, or even more explicitly international money transfer rates. A bitcoin transaction has virtually no 
difference in cost between moving money overseas or an in-person exchange. The two main value propositions 
of the Bitcoin network (i.e. mediator-less and low-cost network) are naturally a key reason behind its rising 
token price and total market capitalization (i.e. a proxy for its value capture). However, with a rising demand, 
price, and quantity of hashed transactions, the Bitcoin p2p system —or more specifically its ‘proof-of-work’ 
algorithm— began to show a major shortcoming.  
The consensus algorithm used in a blockchain ledger, depending on how it is designed, requires a significant 
amount of computing power due to an algorithm step that requires solving a cryptographic problem. Whereas 
miners originally used their computer’s Central Processing Unit (i.e. CPU), and later GPU (i.e. graphics), 
nowadays most mining computers use specific chips called Application Specific Integrated Circuits (i.e. ASIC), 
which are built to only and quickly perform the blockchain’s hashing function (i.e. increasing the processing 
speed or hash rate per second) (Antonopoulos, 2014). Naturally, a major input in these mining computers is 
electricity. With a high price of bitcoin and an increasing amount of centralized mining power with ASIC 
chips, the energy consumption per bitcoin transaction is estimated (at the time of this writing) to be 440 kWh, 
or an annual (unsustainable) value of 44TWh (digiconomist, 2018; Hunt, 2018).    

Smart contracts: the Ethereum platform 
Bitcoin is the archetype application of blockchain technology for digital currencies. However, Nakamoto’s 
underlying protocol ushered-in a new wave of developers that applied blockchain to another key application: 
smart contracts. A smart contract is essentially a string of computer code that specifies the terms of an 
agreement, holds a specific ID within a blockchain network, and can automatically self-execute those 
agreements once certain terms are met. They can also be understood from one of its common applications, 
that of a trustless digital escrow, where the smart contract acts as the third-party normally involved in an 
escrow and executes the transaction between two parties that don’t necessarily trust each other (Buterin, 
2015b).  
By mid 2015, a new noteworthy application of blockchain was released: Ethereum —a platform to deploy smart 
contracts. The Ethereum platform, recognising the disruptive potential of smart contract, was developed as an 
open source and crowdfunded project to facilitate the interface, writing process and execution of smart 
contracts (Buterin, 2015a). It uses its own blockchain network, the Ethereum network, to host parties, contracts 
and private blockchain ledgers, and has its very own currency (the ‘ether’) to compensate miners validating 
transactions. Smart contracts can be used to streamline processes of the p2p economy at a very low cost and 
high trust rate. Among the most relevant of these contracts users can deploy in the Ethereum platform are: a 
decentralised autonomous organisation (DAO), a stateless decentralised and democratic company-like 
structure that lives online; the issue of an own token, for example a DAO’s very own currency; a crowdfunding 
auction, that automatically disburses funds once terms reached (e.g. such as a raised amount), which can be 
used by a DAO to raise funds. Elaborated contracts, and architecture of contracts in the Ethereum platform, 
are considered decentralised applications (i.e. DApps).   
Since its first release, and by the time of this writing, the Ethereum network grew, mostly throughout 2017, to 
a market capitalization of over U$S100 billion by early 2018 (coinmarketcap.com, 2018). Over 26 thousand 
DAO tokens were developed using the platform. The top 5 of these tokens, in order of market capitalization 
alone, hold a sum of over U$S20b (Etherscan, 2018). DAO’s release tokens as a way to raise capital for their 
ventures, and if the perceived value of the venture increases, so will the individual price of the tokens. Through 
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initial coin offers (ICO), blockchain-based ventures throughout 2017 had raised a cumulative amount of 
almost U$S3.5b. 
The blockchain technological niche had an exponential emergence in 20172. With it, came developments of 
direct applications to real sectors of the economy. New ventures in the energy sector began using blockchain 
to explore improvements to power system management and new business models. Their value propositions 
might bring relevant insight for the design of a SVEN. The next section presents an analysis of the role of 
blockchain in the p2p energy sector and its business models.  

Figure 7.4 |  The 2017 blockchain shock. 2017 price valuation of the bitcoin token, the ether token, and the 
cumulative amount of funding raised by startups through initial coin offers (ICOs). All data sources from 
coindesk.com (2018b).  

 

7.2 Electric utility business model archetypes and blockchain use-cases:  an exploration of p2p 
in the low-carbon transition 
This section undertakes a qualitative systems analysis to explore the role of blockchain technology in the low-
carbon transition of the power sector. As a result, it develops a set of utility business model archetypes with 
increasing blockchain use-cases. The analysis and archetypes are fundamentally used to define which aspects 
of blockchain can contribute to the design of the SVEN model. The systems-to-design translation represents a 
practical unit showcasing the complementarity of systems and design thinking expressed in chapter 5. 
Moreover, it makes use of the framework developed in chapter 4 (Wainstein and Bumpus, 2016) and applies 
it to study the degree of enabling capacity of blockchain in the power system’s business model transition.   
The section is structured as follows. A clarification of the approach and methodology is initially presented, 
followed by a more detailed lay out the key background elements used in the analysis, and finally the 
development of utility business model archetypes and blockchain use-cases are presented in subsections 7.2.3. 

7.2.1 Approach and methodology 

In line with Part I of this thesis, this section adopts a sociotechnical framework for its analysis on blockchain’s 
role in the power system transition. As mentioned, it builds on the framework developed in chapter 4 
(Wainstein and Bumpus, 2016), which combines the multi-level perspective (MLP) on sociotechnical 
transitions with business model (BM) theory to characterise the role BMs have in accelerating the 
decarbonisation of the power sector. While Wainstein and Bumpus (2016) paper places emphasis on how 
increased DER technology roll-out is changing the power system’s BM paradigm, this analysis extends it to an 
overview of whether and how blockchain technology can further accelerate this process. Because the analysis 
in this section is placed in the context of a SVEN design, it considers more technical dynamics in the interaction 
between DER technology and power system management. Namely, demand response, tariff design, and the 
role of virtual power plants and aggregators —which are reviewed in section 5.3 on participatory smart grids. 
Furthermore, following the design thinking approach, this section makes more use of abductive than inductive 
reasoning in its logic (i.e. it reasoning allows more mental leaps).  

                                                             
2 A note on the “blockchain bubble”. The 2017 blockchain hype has raised concern since it exhibits traits of a ‘bubble’ effect. Bubbles occur when 
prices increase exponentially and depart from the fundamental value of an assets, and is driven by traders’ pure speculations. The price valuation of 
blockchain-based tokens and ICOs may indeed exhibit a bubble dynamic, and eventually lead to sharp decline of those prices, but this is irrespective of 
the value of blockchain technology itself. As an analogy, the “Dot-com bubble” between 1997 and 2001 did not undermine the underlying value of the 
internet.  
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The approach taken in this analysis and archetype development is done by combining four key dimensions 
and their subcomponents and review their associated literature with coding to identify defining patterns and 
attributes that may allow categorisations. These key dimensions are: systems transition, specifically through 
the lens of the MLP; business models, applied to power system actors and utilities; smart grids dynamics, with 
emphasis on information technology (IT) in DER data flow and demand response (DR) for power system 
management; and blockchain technology, its capacity for automatization and increased trust in p2p economies 
through web platforms. Since the first two dimensions and its subcomponents (i.e. BM & MLP) are well 
covered in chapter 3, the following section lays out the key subcomponents of the last two dimensions (i.e. the 
grid information system and blockchain application). Figure 7.5 outlines these four dimensions and 
subcomponents within the general approach for archetype development. 
The process to develop utility BM archetypes in line with higher blockchain and p2p use-cases in the low-
carbon transition, follows a similar process as the one applied by Bocken et al (2014). Namely, an iteration 
between: consolidating existing themes, typologies and frameworks in the literature, improving categorisations 
and conceptual framing of BM in the transition context, and identifying consistent illustrative examples from 
the business practice. In each iteration, a higher degree of blockchain use-cases is incorporated to the BM 
archetype. A valuable output of each archetype is a representative system architecture. Illustrative examples 
are chosen and presented through a comprehensive analysis of multiple online resources, review of grey 
literature and whitepapers released by blockchain and energy start-ups. As with the illustrative examples in 
chapter 4, an etic coding system (Crang, 2005) is used to extract key themes and BM components in ongoing 
blockchain applications.  
The aim of this archetype development is twofold. On one hand, to establish a common naming and 
conceptualisation of blockchain’s role in utility BMs, considering social innovation in a low-carbon transition 
context. This framing may allow researchers to advance their agendas on power system transition dynamics, 
as well as allow practitioners and entrepreneurs to better conceptualise a changing BM landscape and how to 
consider the degree of blockchain application into their BMs. On the other hand, laying out BM archetypes 
will help identify the right model for the next iteration in the SVEN design output, effectively establishing 
blockchain use-cases in the design. 

7.2.2 Laying down subcomponents in participatory smart grids and blockchain applications 

The power grid can be conceived as holding two fundamental systems: the physical grid, the network between 
generations, transmission, distribution and consumption assets; and the information system, that ensures the 
physical balance between supply and demand, and the billing settlement process between parties. Both systems 
need to seamlessly interact. Building on the lay out by the IEA DSM Executive Committee (David Shipworth, 
2017), the information system can be broken into the following components, from generation to consumption: 
the data needed to regulate generation assets, meters to measure exported energy; the data structure to record 
it; the mechanism to match and contract sellers and buyers, ultimately balancing generators and consumers; 
the communication and coordination system between the intermediaries operating this mechanism; the 
meters to measure imported energy; the process to bill and settle the transactions; and the demand response 
dynamics at the DER level (see bottom of fig 7.5). The more these components interrelate in an integrated 
architecture, the more efficient the process can be. For example, the tariff and billing structure can be designed 
to support demand response, facilitating the mechanism of balancing supply and demand (Schreiber et al., 
2015). Furthermore, as generation shifts closer to consumption, if the right communication mechanism is in 
place, an emerging role of key intermediaries (eg. DER aggregators and coordinators) can streamline the 
balancing and settlement between local (i.e. distribution) and system-wide dynamics (Wainstein et al., 2017). 
Peer-to-peer systems reside specifically in these local dynamics, but within the power grid, they need to hold 
system-wide compatibility if they are to produce a net value creation.  
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Figure 7.5 |  Approach used in the development of utility BM archetypes with higher blockchain use-cases. 
Four dimensions and their subcomponents are used in an iterative process to conceptualize blockchain’s role in a 
changing electrical business system. Through constant text and graphical coding, the process consolidates macro 
concepts into more detailed archetypes and use-cases. The result of this process is presented in Table 7.6. This 
collective approach is used explore the role of blockchain to enable key functionalities in the SVEN’s p2p energy 
economy.  

Blockchain use-cases fundamentally apply to the information system of the power grid, albeit requiring 
adaptation and compatibility from the physical components (eg. internet connection). Applied to the energy 
sector, Burger et al (2016) divides blockchain use-cases into two families: platforms and processes. Platforms 
(public or private) enable direct transactions between members of the network (i.e. peers), essentially helping 
match supply and demand, as well as host applications (i.e. contracts and code software) for members to use. 
Processes involves trustful automation of digitized organizational procedures and communication (eg. billing, 
internal accounting, control of infrastructure, supply chain management), which for utilities can both speed 
operational and drive costs down. An alternative way to organise blockchain use-cases families in the electricity 
sector, is by pooling emerging businesses and their applications into value proposition groups (Groarke, 
2017b). Based on an informal survey of 65 companies, Montemayor et al. (2017) organises them into: peer-to-
peer transactive platforms, allowing local energy producers to sell directly to consumers; utility-scale 
applications, facilitating processes at the grid level; cryptocurrencies (or digital tokens) used to streamline 
transactions of value in the grid (e.g. solar kWh, certified carbon reductions, money); development platforms, 
which support applications (or DApps) built specifically for the electricity and internet-of-things (IoT) sector; 
electric vehicle applications to digitalise and automatize processes in the vehicle charging infrastructure; and 
other applications enabling the business development of energy projects. A similar use case analysis is done by 
Groarke (2017a). Mattila et al. (2016), on the other hand, layout a valuable ‘checklists’ of specific conditions 
when blockchain use-cases are applicable to the energy sector. These conditions are: the need for a database 
shared by multiple parties, a need to enable multiple concurrent writers, maintaining consensus regarding the 
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content of the database, interacting modifications, the absence of trust, and the undesirability of 
intermediation.  
With the layout of subcomponents in the information system of smart grids and blockchain use-case families, 
I attempt to consolidate all elements in the four dimensions into utility BM archetypes. Figure 7.5 illustrates 
the concept of the whole approach and methodology to do so.  

7.2.3 Blockchain use-cases and utility business model archetypes in a multi-level perspective 

This section describes an array of different electric utility archetypes in order of increasing use of blockchain 
technology, p2p dynamics and social innovation embedded in the business model. Whilst they are presented 
in a linear progression, these archetypes are not intended as an argument for an expected pathway in the power 
BM transition. Transitions are non-linear processes, and while this work may contribute to an outlook analysis 
of the degree of p2p and blockchain use in the future utility, it can be a next step in a research agenda but not 
the object of this work. However, the results of the archetype development, which includes high level system 
architectures, are used in the abductive design thinking process of the SVEN BM, purposely developed in a 
thought experiment to bring about disruptive changes in power system BM landscape.  
Table 7.6 show the array of archetypes and their representative architectures, while the subsection below 
describes them in detail. 

i) The traditional utility (retailer) 
Description: This archetype represents today’s utility and is a benchmark for all other archetypes. It acts as a 
retailer, an intermediary buying electricity at the wholesale market, bundling cost components into a flat tariff, 
and ensuring the right delivery and billing process to customers. Many, if not most, utility retailers today are 
considered vertically integrated in that they also own generation and other assets along the supply chain. 
Considering an MLP, this BM and its actors are part of the incumbent sociotechnical regime of the power 
sector, and corresponds to a ‘utility-side BM’ according to the characterisation of section 3.2 in chapter 4. Its 
value proposition to customers can be considered ‘reliable, low-cost and easy to understand tariff with 
minimum effort’ (i.e. flat tariff with users having a passive role).  Low-carbon energy is not the historic value 
proposition of the ‘traditional utility’, and any interactions with renewables represents a business niche, only 
to keep pace with the changing landscape of the sector. Most of its information system and business processes 
have been digitised, but not yet fully automated for a lowest cost solution. Because of its low-innovation 
culture, blockchain technology is not used nor seriously considered for its processes yet. Its value capture 
comes from different markup components (i.e. allocated profit to the price structure) embedded into the flat 
tariff —which customers receive as a ‘black box’ given they have very little transparency on how they are 
constructed. 
Examples: Virtually most utilities fall within this category. EnergyAustralia in Australia, and EnBW in 
Germany are an example of this archetype. 

ii) The modern utility 
Description: This archetype differs from the traditional utility in that its business model holds initial traits of 
reconfiguration. Utility actors of this archetype are still part of the sociotechnical regime but, due to initial 
destabilization processes, exhibits internal transformation processes. As an intermediary within the supply 
chain, rather than offering a ‘black box’ to customers, it opens much of its cost components and encourages 
active customer participation. The increased visibility and customer-side service provision, along with an 
emphasis on renewables and certified low-carbon energy options are the value proposition in this utility 
archetypes. For its value creation, it uses the web 2.0 for a seamless user experience, and holds a high degree of 
automation and digitalisation in its processes to reduce costs. Blockchain technology is considered (e.g. by the 
innovation team or CTO) for internal process and cost optimization, and early pilot projects are common. 
Examples: In Australia, Powershop is an example of an optimized utility; it has a strong focus on web 2.0, 
encourages renewable adoption and efficiency from customers, and even actively communicates to customer 
the value of its ‘open’ cost structure, contrasting it with the ‘black box’ approach of its competitors (Mezger, 
2016; Powershop, 2018). Eneco, a traditional Dutch energy provider with an advanced business model 
reconfiguration pathway is a good representative of this archetype (Eneco, 2013). In Germany, Innogy —the 
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renewable, network and retail business that spinoff from RWE after Germany’s nuclear phase out (Wainstein 
and Bumpus, 2016), is an exemplar optimized utility with a strong focus on creatively destroying its business 
model through innovations (enerquire, 2017; Innogy, 2016). RWE’s strategic transition success with Innogy 
lead to part of the company being acquired by rival utility E.ON. Innogy is an active investor on blockchain 
technology via its venture capital branch Innogy Ventures (InnogyVentures, 2018). 

iii) The digital utility (retail platform) 
Description: This BM archetype uses blockchain technology, advanced algorithms and an intuitive web 
platform to automate virtually all processes in the traditional utility, opening it as a platform for customers. It 
represents an innovative sociotechnical niche whose value proposition is the use of blockchain to enable a 
community aggregation experience with access to real-time wholesale prices (eg. using the virtual power plant 
concept). The mechanism for matching supply and demand in the market is done through computer 
algorithms and smart contracts, and it opens wholesale markets to members by making them act as smart 
agents which aggregate into a single functional unit in the electricity market with unified import and export 
settlements. This BM archetype offers its customers the ability to use their PV, distributed batteries and smart 
loads to perform automated demand response for arbitrage of wholesale prices (i.e. buying when prices are 
low, selling when prices are high). Because of this feature, if enough users are undergoing wholesale price 
arbitrage and DR, disregarding local physical constraints, they may develop a herding effect (i.e. becoming 
price makers) and drive suboptimal market and physical effects (Schreiber et al., 2015). The use of ICOs and 
crypto tokens are mostly a mechanism for crowd-funding the utility rather than having a core function in its 
value creation. While this utility archetype may market itself as a p2p BM, it is not characterised by p2p 
transactions among members in a same geographical area or specific distribution line. Doing so in a 
coordinated way could resolve the herding effects caused by solely focusing on wholesale prices.  
Example: The prime example of this archetype is Grid+ a blockchain spinoff (or ‘spoke’) startup of Consensys 
—an organisation with a hub and spoke model for blockchain development. Launched in 2017, Grid+ is in 
very early stages of its business development, but proposes to use a ‘smart agent’ hardware installed in 
customer’s homes to interact, via smart contracts in the Ethereum platform, with wholesale markets and access 
low prices thanks to the effect of user aggregation (GRID+, 2017). The appeal of this value proposition has 
allowed the Brooklyn-based startup to raise over $32M in its 2017 ICO (ICODrops, 2018).  

iv) The transactive p2p platform 
Description: This archetype differs from the digital utility platform in that users are in fact transacting energy 
and their aggregated generation and consumption are balanced at the local distribution level. Its value 
proposition is to enable and coordinate these p2p transaction, by-pass or reduce the reliance on the power grid, 
and benefit from savings of lower network costs and an exchange economy, rather than from wholesale prices. 
To do this, it also leverages blockchain smart contracts for automated, transparent and secure decision-making 
processes, but combines them with the physical or virtual microgrid concept (Goranović et al., 2017). Most 
users in this platform are required to have significant transactive and IoT-enabled DER infrastructure (e.g. a 
blockchain-ready smart meter). To effectively prove lower network costs, or directly by-pass the central grid, 
users need to be in a same geographical region (eg. within the same block). To cover moments with net 
aggregate supply–demand imbalance, imports and exports with the main grid and market can be coordinated 
or outsourced to a partner utility (e.g. ‘a modern utility’). Its DR mechanism, relative to the digital utility 
archetype, includes significantly more coordination to avoid herding of prices, and applies optimization 
functions for collective performance decisions, rather than solely individual cost reduction optimization 
functions.  
Example: An illustrative example of this archetype is blockchain startup LO3, which pioneered the Brooklyn 
microgrid project (Mengelkamp et al., 2018). This project has received significant media attention as a first 
proof-of-concept of the role blockchain can have in a future transactive grid (Cardwell, 2017). The Brooklyn 
microgrid required an active bottom-up aggregation and coordination of neighbours to agree to a first 
blockchain-based community-energy project. LO3 is expanding its own blockchain technology to replicate 
p2p energy projects (Lawrence Orsini, 2017).  
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v) The p2p smart grid 
Description: This archetype combines both the digital utility and the p2p transactive platform but extends them 
to include a higher degree of communication and coordination with the regional grid operator in order to 
ensure collective DR contributes to whole-system optimization. The value proposition extends from the appeal 
of community p2p effects, into a platform that also enables multiple service provision from members’ 
orchestrated DERs. It essentially maximizes the value creation and capture from these smart devices (i.e. PV, 
batteries, EV, smart loads). With full coordination of their DERs, members benefit from: lower network costs 
due to local (i.e. distribution level) p2p optimization, access to low wholesale prices for net exports and imports, 
and participation in ancillary grid services through advanced aggregated DR (e.g. in capacity markets, spinning 
reserves, critical peak response etc.). Tariff structures have a higher resolution and flexibility in their 
components. Furthermore, maximizing the value capture of the networked devices reduces their repayment 
period, and therefore introduces new financial innovations for their roll-out. Blockchain holds multiples use-
cases in both the processes and platforms.  
This archetype can be characterised as a network of local p2p networks and economies; the scale and 
replicability of those p2p network is fostered by the system given its net value creation to the grid. Therefore, 
for this archetype and BM to manifest, it requires a high degree of sociotechnical reconfiguration relative to 
the other archetypes. An innovative BM niche (i.e. local p2p energy economies), would have to interact with 
regime actors (i.e. grid operators), and operate in a compatible sociotechnical landscape (i.e. modernized 
physical grids and aggregator-ready participatory markets). 
Example: Given this archetype describes an innovative BM for both utility actors and the overarching grid 
environment, there are no illustrative examples with this level of tiered coordination. Similar systems as the 
one envisaged here, however, have been described as aspiring futures by several blockchain (and utility) 
startups (PowerLedger, 2017). 

vi) The platform of platforms 
Description: This archetype corresponds to an enabling architecture for the p2p smart grid archetype. A 
(global) internet of energy functioning as an open platform hosting other platforms. Its value proposition is to 
be steward and facilitator in the transition to a global solar economy, provide cross-learning effects (e.g. 
between actors and platforms in different regulatory regions), low marginal costs in platform replications, and 
unified standards and communication protocols. The enabling and participatory capacity of this platform uses 
blockchain to ensure complete visibility and traceability in the whole energy economy supply-chain. Such an 
organisation (or even digital organism), would be not-for profit and feature democratic compensation 
structures similar to the emerging open blockchain networks.  
Example: This archetype has not manifested fully. However, the ambitions set forth by the Energy Web 
Foundation, a partnership between the Rocky Mountain Institute and Grid Singularity, are that of a platform 
of platforms for the global energy system (EnergyWeb, 2018).  
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Table 7.6 |  Utility business model archetypes and blockchain use-cases. Illustrated table showing the result of 
the archetype development process. The six utility archetypes are shown in a progressive incorporation of blockchain 
in its p2p value creation process, represented with a cyan blue. Each archetype is characterised from a multi-level 
perspective (MLP) on the sociotechnical system, business model, smart grid and p2p system architecture point of 
view. Representative tariff structures for each archetype are shown to visualize the components of revenue and value 
capture of the business model, as well as to identify specific sections of economic participation by users. Collectively, 
this table and exercise enables situating both blockchain and SVENs in the low-carbon business model transition. 
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7.3 A user experience and interface (UX/UI) for mainstream adoption of a SVEN p2p model 
This last section shows the output of the second iteration in the design of the SVEN concept. The design 
implementation is done for the mobile graphical user interface of the SVEN (i.e. front end), and for blockchain 
use-cases in the architecture of the enabling system (i.e. the back-end). The output is presented in a series of 
figures showing the front-end design of selected ‘user stories’, and corresponding diagrams of blockchain use-
cases in the back end. A human or user-centred design is fundamental to design thinking (Brown, 2008). The 
validation for this implementation comes from the analysis done in section 7.1 and 7.2. In fact, the design 
outputs represent a user’s experience in the ‘p2p smart grid’ archetype described in section 7.2.  
Established methodological considerations are used in the process of designing the UX/UI (Laurel and 
Mountford, 1990; Lumsden, 2008; Nielsen, 1995). As with system architecture, the design process 
predominantly involves heuristics (Maier and Rechtin, 2000). The most important one of these, and in fact the 
aim of this design exercise, is to keep the user interface as simple, intuitive and as passive (i.e. requiring least 
action from the user) as possible, irrespective of the intricate processes occurring in the back-end. Achieving 
this is a key feature for a disruptive innovation in the community energy space, since it needs to incorporate 
mainstream users (i.e. the typology of users in a sociotechnical regime), which are not as social and 
environmentally active as those from the traditional grass-roots niche (Wainstein and Bumpus, 2016).  
This last section —before the conclusion of the thesis, also represents a result that attempts to synthesize all 
insights gathered throughout the chapters analyses. It acts as a proposition for a holistic energy business 
system.  
The following mobile UX/UI designs are presented only in figures with descriptive captions explaining the 
back-end interactions, rather than with a textual explanation of the ‘App’ designs. This follows a heuristic in 
user interface design, where “if it needs an explanation, then it is not a good design” (Fenrich, 2014). However, 
this work should still be taken as an advanced exploration in the design stage, rather than an ‘application-
ready’ stage.  
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Figure 7.7 |  SVEN App interface and blockchain use-case: “My Energy Devices”. Users use this interface to initially 
load and manage their DERs on their home area (wireless) network (e.g. WiFi, Bluetooth, Zigbee). This also includes 
linking any participating community energy investment project that should be considered in the energy exchange 
and optimization process, as well as for accounting purposes. Every device loaded holds an ID, albeit different, in both 
the wireless and blockchain network for representation and tracking in their transactive functionalities (generic single 
letter IDs are used for simplicity). Illustrative examples of smart contract applications are shown for the community 
energy projects, the solar array and the battery system. The last two are structured as smart property, which allow for 
trusted dynamic ownership of the underlying asset. Refer to these legends for the following figures. 
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Figure 7.8 |  SVEN App interface and blockchain use-case: “My Smart Energy Performance”. This interface is 
used to visualize the household aggregate energy behaviour resulting from the multiple optimization processes 
occurring on the back-end. Whilst users are completely passive (i.e. their decision making is not required for the 
optimization process), the interface exhibits the most active process in the whole p2p system. Thus, this ‘performance’ 
tab is designed to build trust from users on the underlying algorithm, by transparently informing how the linked 
devices are adapting to economic signals. Optimization functions are executed throughout the iterative 
communication process between the Home Area Network (HAN) Hub (represented here by the smart meter with 
built-in or outsourced computation capability) and the local SVEN coordinator. While the HAN Hub makes an initial 
optimization based on data input (e.g. on a day ahead basis), this changes as the coordinator informs of aggregated 
data from other peers in the network. This coordination avoids herding effects in the SVEN network, optimizing the 
collective grid service. Aggregate coordination can be done using algorithms such as those proposed by He (2017) 
or Gan (2013). Once coordination and optimization functions are used to execute energy transactions, the log is 
recorded in the blockchain, triggering smart contracts to perform clearing functions. Refer to Fig 7.7 for legend.  
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Figure 7.9 |  SVEN App interface and blockchain use-case: “My Energy Network.” This tab allows users to visualize 
the different scales in the social virtual energy network they belong to and facilitates engagement towards its 
expansion. Allowing p2p effects to contribute to the expansion and replication of the network is a fundamental 
feature for its disruptiveness, with users benefiting from its economy of scale. These scales in the network vary by 
geography since they are established by positions relative to the grid’s topology (i.e. distribution, substation, 
subtransmission, transmission lines and areas). These scales are hierarchical in the p2p transactions to foster local 
balancing within distribution lines. Transaction agreements within the immediate distribution area (or microgrid), are 
facilitated and settled by the blockchain.  
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Figure 7.10 |  SVEN App interface and blockchain use-case: “My Account and Billing.” One of the most important 
use-cases of blockchain technology is that of enabling trusted digitalized currency transactions without the use of a 
trusted middle-agents. This interface allows the user to have a secure and complete summary of its overall and 
individual economic positions in regards to its whole energy management and investments in the SVEN. 
Energy/financial transactions on the SVEN include those from community energy investments, DER financing (e.g 
with solar PPAs), and household (or building) electrical net import/exports. The latter discriminates between 
transactions within the SVEN members, and grid imports purchased in wholesale markets (i.e. real-time pricing, RTP). 
Differences in network costs depend on the transacted peer’s position on the power grid, as shown with A-B-C. This 
model assumes balancing (i.e. transacting) electricity within the same distribution line is rewarded by the grid 
operators and thus represents different costs (i.e. A-B-C) per kW on the p2p bill.  

 



 69 

 
Figure 7.11 |  SVEN Coordinator dashboard and value creation summary. The SVEN coordinator/aggregator holds 
a key role in enabling the total value creation of the SVEN (i.e. as a virtual network) to be more than the sum of its 
individual parts (i.e. buildings, DERs). This is essentially the role taken by a VPP operator (Wainstein et al., 2017), which 
includes aggregating demand response services. As shown in Fig 7.8, coordinators must interact with grid operators 
and all peer members to ensure herding effects do not occur between DERs, and transactions among distribution 
lines are privileged. It is feasible to envision that the function of the SVEN coordinator could be executed either by: 
an automatized algorithm alone, embedded with machine learning capabilities; the same algorithm but supervised 
by a SVEN employee at a regional SVEN office/ community hub, which is trained and approved by grid operators to 
do so; or the same human agent supervising the algorithm and grid conditions working as a ‘SVEN entrepreneur’ 
remotely. In either case, the coordinator should have both limited information of the members and the grid topology 
—due to personal and national security respectively— but enough to operate the aggregate coordination. The 
dashboard in the figure represents this limited information (numbered circles in the area map represent SVEN 
member within the same distribution line). The coordinator and regional SVEN collective are represented by a smart 
contract of a Decentralised Autonomous Organisation in blockchain network, which enables community governance 
and central accounting for aggregate grid services. The bottom diagram is a stylized representation of the aggregate 
value created a SVEN member coordination within a common substation area.  
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Chapter 8 
Conclusions & final thoughts 
 
The energy business system (EBS) was explored in a way that crossed different scales and disciplines, in the 
context of a pressing need to radically transition to a low-carbon state as informed by climate science. The lag 
of this transition was framed as a state of system lock-in and analysed in a holistic way. The research was driven 
by the search for disruptive innovations that can help unlock the EBS inertia and accelerate its reconfiguration. 
This was informed by a sequential systems-to-design thinking approach; a process to essentially infer key 
insights from a systemic problem —such as leverage points— and translate them to propose innovative 
solutions. As part of this approach, conceptual frameworks were developed and used to evaluate the EBS at 
different scales of analysis. From larger to smaller systems, three overarching scale segments can be outlined 
from this approach: that between the Earth system and the energy system, explored in chapter 3; the scales of 
business models (BM) in the electrical power system, with tensions between incumbent and emerging actors 
evaluated in chapter 4; and the participatory smart grid scale explored in chapters 6 and 7, which spans 
dynamics from the grid and market level down to individual devices at the household level.  
Considering the unconventional approach taken in this thesis, section 8.1 presents conclusions and remarks 
on its original analytical frame, then summarizes conclusions for each of the three scale segments just outlined. 
Section 8.2 provides a bottom-line conclusion that considers the work as an ensemble. Clarification of original 
contributions and answers to the main guiding research questions are laid out. Table 8.1 specifically 
summarizes these conclusions and contributions.  Having established concluding remarks, section 8.3 provides 
clarification on the limitations of the research scope and proposes next steps in its research agenda.  

8.1 Multi-scale conclusions and original contributions 

8.1.1. Overall research framework and approach 

This research conducted its analytical pathway with cross-cutting themes along two dimensions: one based on 
the systems’ size or scale —represented in the y-axis shown of [Fig 8.1]— and a dimension based on the frame 
of thinking adopted, represented in the x-axis.  The cross-scale dimension follows from a fundamental 
principal in complexity science, which is that complex systems have nested scales and as such need to be 
unpacked to elucidate key cross-scale dynamics and leverage points. The x dimension which transitions 
between systems thinking to design thinking follows from the need to structure a logical and systematic 
“problem-to-solution” methodology. The decision to structure the research in this broad scope and 
interdisciplinary format may have led to compromises in the depth of each field and topic investigated. 
However, it allowed to place focus on the experimental approach and pathway itself. 

 
Figure 8.1 | Thesis’ analytical pathway in two dimensions: system scale and frame of thinking. The thesis 
developed and adopted an original approach to address its research question by allowing interdisciplinarity across 
system scales and a transition from systems analysis to design thinking, as an action-research method to propose 
solutions to complex problems. Whilst the approach was applied to the EBS, the figure shows its basic structure since 
the same approach could be used for other complex systems.  The right figure explicitly conveys this approach as an 
iterative process. 
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Framing the analysis with these two dimensions represents an original contribution, and this thesis is the first 
work (to the knowledge of the author) to put it into practice. Irrespective of its, perhaps, unavoidable depth 
compromise, the frame has proven useful for proposing innovation based on a systematic analysis, and I expect 
to re-use it for other ‘systemic problem-to-innovative solution’ combinations. Ultimately, the true measure of 
how useful such an analytical framework can be, is given by whether researchers and practitioners adopt it. 
Two remarks must be made for others to consider. The first is that whilst the analytical path along these 
dimensions has been laid out in a linear fashion, in practice, this did not follow a chronological or linear 
structure, but rather a circular or iterative process (see Fig 8.1b). Iteration in the process is to be encouraged, 
yet, establishing a linear structure beforehand allows that once the iteration process is finished (albeit an 
arbitrary stop), the analysis can be presented in a stepwise manner. The second remark is that the same concept 
of a y and x dimension could be ported into other modes of analysis. For example, instead of system size, the 
y-axis can apply the dimension used in the multilevel perspective of sociotechnical systems: ‘degrees of 
structuration in social practices.’ The x-axis could also use any combinations of analytical thinking with 
intuitive and productive thinking.  
As the world needs to tackle more systemic or ‘wicked’ problems, and as academia embraces interdisciplinary 
lines of enquiries to understand them, proposing encompassing analytical frameworks that can be tested, 
replicated and improved, are important to maintain a scientific method in their undertaking. I attempted to 
do so with this original framing and approach. Eventually, as mentioned in section 5, the combined analysis 
presented here can be used as a basis for action research that uses hypothesis-based entrepreneurship.  

8.1.2 The EBS and the Earth system scale 

Using a systems thinking approach, the work presented in chapter 3 is perhaps the most important scale 
segment of analysis in the thesis. Considering that the core problem with the EBS is its impact on the Earth 
system level, undertaking a holistic analysis from a ‘big picture’ scale is essential to identify sources of lock-in 
and leverage points. The insights inferred at this scale set the agenda for the rest of the thesis. By using a 
metabolic framework and deriving from it a hypothesis that the profit maximization purpose of the EBS is 
incompatible with achieving climate targets, it highlights the importance of social innovations and BMs with 
alternative purpose. Furthermore, because its deepest analysis is on dynamics that may govern the EBS’ 
collective lock-in behaviour, it may have helped uncover the true nature of the systemic problem. In fact, the 
final remark of chapter 3, which posits a shift from corporate governance to Earth system governance, triggered 
the thesis’ final thoughts and analysis of the EBS, presented in section 8.4.  
The work presented in chapter 3 provides three concrete original contributions. First, it combines frameworks 
of socio-ecological and socio-technical transitions, and applies them to the EBS lock-in to develop a new 
conceptual framework based on the EBS metabolism and its complex adaptive nature. A useful element from 
this framework is the EBS metabolic map, which assists understanding how the system’s purpose holds a key 
role in sustaining inertia. Second, by presenting its ‘purpose hypothesis’ it provides the first answer to the 
guiding research question —which seeks to identify disruptive innovations. Namely, the analysis points to 
social innovations as the form of introducing systemic change in the EBS, manifesting in alternative business 
purpose and a shift in governance and legal roles of the director and shareholder position. Finally, this work 
puts forward a concrete suggestion to policymakers, which is to consider corporate-determined contribution 
to climate change (eg. carbon majors business model reconfiguration pathway consistent with the Paris 
agreement) using a similar mixed bottom-up approach as the one used for nationally determined contributions 
(i.e. INDCs).  

8.1.3 The EBS business models in the electrical power system  

This scale segment introduces the thesis into the electricity sector with a high-level analysis of its EBS dynamics 
and innovations. As the rest of the thesis from this scale onwards, it focuses on the electrical power system 
because of the central role it plays in the fast and cost-effective decarbonisation of the overall energy system. 
The fundamental conclusion of this scale’s analysis lies in the very title of chapter 4. Business model dynamics 
are active drivers of the decarbonisation of the electricity system, and whilst this operates irrespective of the 
underlying technology, higher opportunities for BM innovation arise with an increased distributed nature of 
energy resources. Early on in the thesis, BMs were selected as a key theme to analyse in regards to business 



 72 

systems (e.g. as opposed to finance or other business aspects). The work conducted in chapter 4 confirmed 
BMs as a key unit of analysis in a systems thinking approach on the electrical EBS.  
An unexpected conclusion from the analysis at this scale segment, albeit extremely valuable to guide the 
following chapters, was that socially innovative BMs, such as those from grassroots initiatives, were not 
achieving scale nor disruption. As a niche, purpose-driven BMs have disadvantages in accessing financial 
resources, strategic partnerships and cannot cater to mainstream customers that prefer a more passive 
consumer role. Innovative niche BMs that do exhibit early forms of disruptions use financial innovations that 
allow mainstream users to retain a passive role and yet participate in a more environmental solar energy 
transition (eg. with solar PPA). In parallel, the analysis uncovered the emerging opportunities of the rising 
peer-to-peer (p2p) economy, but still untapped by the electricity sector. Collectively, these conclusions 
represented key insights (i.e. inputs) for the design process in subsequent scales.  
The work presented in chapter 4, provides two concrete original contributions. First, it combines the multilevel 
perspective on sociotechnical systems with BM theory to establish a conceptual framework useful to study BM 
dynamics in the low-carbon transition of the electricity sector. Second, its insights are used to both suggest 
regulatory conditions to policy makers and to further answer the guiding research question. Pertaining to the 
search for disruption, it raises the importance of BM innovation as potential disruptive innovations themselves, 
and to specifically search for opportunities in the distribution edge or customer side of the power network. 
Insights on particular opportunities include tapping into new market segments by changing the value 
propositions (eg. with products-as-a-service), introducing financial innovations for low upfront costs, and 
focusing on value creation through economic participation and two-way integration of prosumers’ distributed 
energy resources (DER).  

8.1.4 The EBS and innovative smart grid business models  

At this scale of development, the insights inferred from the previous chapters and scales are incorporated to 
propose an original business model and undergo an iterative design process. Two iterations in the conceptual 
design of a social virtual energy network (SVEN) were presented in chapter 6 and 7 respectively, each one 
placing focus on different aspects of the model.  Chapter 6 delves into the technical and market mechanisms 
of a SVEN, while chapter 7 on the enabling tools for bottom-up social innovations involving a p2p economy. 
Conclusions and contributions are extracted from both explorations but, more importantly, they can be used 
for a combined conclusion.  
The quantitative modelling and simulation of a SVEN presented in chapter 6 is a methodological contribution 
in the context of this thesis, it provides theorisation on how such analysis can be applied to the design of 
complex adaptive systems. However, from a thorough quantitative point of view, the modelling is incomplete. 
It adopts one type of system design for DER optimization and participation, which involves devices solving a 
single optimization function based on flexible electricity tariffs. Other system design could have been tested, 
for example, one with two-way and iterative optimization functions between devices and 
aggregator/coordinators. This and other tests of the model that could not be included in this body of work will 
be undertaken subsequently to this thesis. Namely, the systematic variation of different DER portfolio 
architecture in a SVEN to elucidate a minimum viable size under given market conditions, as well as the effects 
of this portfolio variation on financial performance. Nevertheless, the final conclusion from the simulation in 
chapter 6, which suggests a SVEN should be able to operate as a generator, retailer, and demand response 
service provider to have market competency and resilience, was a valuable insight and directly considered in 
the next design iteration. 
Chapter 7 focuses on how social innovations can be operationalized in the SVEN design, namely with p2p 
governance and value creation. Blockchain technology is a very recent emerging niche and was thus overlooked 
in the early stages of the thesis. Laying out exploratory use-cases of the technology in a p2p economy and 
forming utility archetypes contributed to a high-level systems analysis to translate into the SVEN design. The 
results show an extremely relevant development that can catalyse disruption through BM innovation in the 
power sector. This is itself a valuable contribution to the guiding research question. To explore this work 
further a social experiment and simulation using blockchain smart contracts could provide insight into how 
these can foster or hinder self-organized social innovative participation in a community-owned energy 
economy through a web platform. Only in an active experimental setup can the value of the SVEN’s user 
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experience and interface (UX/UI) presented at the end of chapter 7 be fully tested. Without an empirical 
analysis, the UX/UI remains a mere format to convey the SVEN idea, and can only be tested in a dry analysis 
of UI design rather than with concrete application. This should encourage next research steps to undertake an 
empirical approach. 
Together, both iterations and explorations in the SVEN design process can be used to extract two main 
conclusions. The first is that whilst the design outputs presented here contain elements to include in a SVEN 
blueprint or ‘solution architecture,’ the work did not produce these fully to a degree which is ready for 
immediate application. The design process should be evaluated as having crafted a ‘vision’ and contributed to 
this type of literature for energy transitions (eg. (Kainuma et al., 2013; Verbong and Geels, 2012)). Specifically, 
it can be framed as representing a ‘vision of an open and democratic p2p EBS in a decarbonised energy future 
with high penetration of variable renewable energy’. Nevertheless, although it remains a ‘vision’ informed by 
a thought experiment, its primary value comes from following a thorough multi-scale systems analysis rather 
than a pure ideological speculation. 
The second conclusion from the analysis of a SVEN’s own scale segment (i.e. devices, owners, aggregators, 
markets and grid operators), is that to realize the vision of a highly decentralised EBS, certain critical 
developments are still missing. The most important is the mechanism to balance generation and consumption 
of peers at the distribution level. This requires a regulatory and market scheme on one hand, and a technical 
decision-making —or algorithm— scheme on the other. The regulatory and market conditions need to 
economically benefit, with either ancillary grid services and/or lower network costs, these local balances. As 
the energy transition moves forward, electrifying the energy system will require higher dependency on grid 
infrastructure, and thus optimizing grid loads to allow new entrants (e.g. electrified transport and heat) at each 
substation level using high resolution local device coordination will be essential. To deliver this on a technical 
level, whilst independent aggregators can help coordinate DER behaviour within a specific area based on 
market conditions, they normally don’t have detailed knowledge of the exact distribution grid topology to 
distinguish p2p transaction within a truly local level (i.e. the same distribution line). For this, they must 
dynamically communicate with grid operators and establish ways to securely interact with their grid 
information database, which is often considered sensitive information subject to national security.  
Furthermore, to the knowledge of the author, there haven’t been studies that address the distribution feeder 
prosumer balancing and optimization issue with an algorithm approach. Procedures like those developed by 
He (2017) and Gan (2013), address optimization of devices to avoid herding effects —for example from  real-
time wholesale prices— by using global signals, but they don’t solve heterogeneous physical constraints at the 
same distribution grid level. In other words, peers in one substation area will have different grid constraints 
than those in a neighbouring one, must optimize behaviour based on their immediate physical constraints, and 
yet both distribution areas remain part of the same grid and market. Work on this front will be required as the 
energy transition progresses, and its development will further introduce opportunities for BM like the SVEN. 

8.2 Thesis bottom-line conclusion and implications for stakeholders 
This work set out, via its research question, to find disruptive innovations that can introduce new paradigms 
in the EBS, help escape hydrocarbon lock-in and accelerate the low-carbon transition. After conducting the 
research, the thesis allows confidently stating that to usher in new paradigms in the EBS and accelerate the 
low-carbon transition, innovation with high potential for disruption are BMs that use web platforms to enable 
open participation of electricity market by p2p networks of prosumers, whose purpose are governed in a 
democratic way and respond to Earth system feedback. The SVEN designed in this thesis acts as a conceptual 
model for such a BM. From an academic point of view, a SVEN could be ‘disruptive’ in Christensen’s terms 
(2015) if it initially taps into grassroots community actors and then transitions into mainstream market. 
Whether this is a likely or needed strategy for a model like the SVEN is not conclusive. Ultimately, this research 
highlights that the main disrupting innovation is that end-users will be the most important actors in the future 
EBS.  
The SVEN model can accelerate the low-carbon transition of the electricity sector and represents an acceptable 
answer for the research question. However, to truly escape lock-in, this research suggests —in chapter 3— the 
challenge may require deeper changes in the fundamental fabric of business and economic thinking. This is an 
inconvenient conclusion, one that cannot be solve with innovative entrepreneurship but rather a change in 
established aspects in corporate law or, perhaps even harder, mindset.  
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Moreover, the thesis provides contributions to theory by characterising the role of purpose as a regulatory 
agent of business dynamics with the Earth system, considered in terms of complex adaptive systems (chapter 
3); the role of business models and social innovations in the transition of sociotechnical systems (chapter 4); 
and the use of systems and design thinking for identifying solutions to lock-in problem in complex systems 
(part II). These are developed using original conceptual frameworks that represent contributions to theory 
themselves. 
Table 8.1 shows a summary of the key findings and conclusions summarized in this section.  

 
Table 8.1 | Summary of research contributions and conclusions. Organized by scale-specific analysis and 
contributions and concluding remarks to stakeholders. *Research question corresponds to ‘guiding research 
question’ of chapter 1.  
* research question: What forms of disruptive innovations can produce a systemic effect in the energy business 
system; changing fundamental paradigms, helping escape hydrocarbon lock-in and accelerate a low-carbon 
future? 
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8.3 Limitations & next steps 
As mentioned in section 8.1.1, because this thesis undertakes an interdisciplinary line of enquiry across scales 
of the EBS, it compromises analytical depth on any one topic. This is the primary limitation of this work. Yet, 
even with a broad scope, two topics from Part I and II respectively that are relevant to this field of research 
were significantly underrepresented. The first is the tension between the EBS and the political sector. Whilst 
these are mentioned generally in chapter 3, and raised as holding a central role, they have been left out of the 
scope of analysis in the interest of focusing on internal business dynamics. The second, corresponding to Part 
II, is the quantitative simulation of a SVEN under different DER portfolio and market conditions. As stated in 
8.1.4, more robust results would have required three iterations of virtual power plant simulations, as opposed 
to just the one presented in chapter 6.  
This work can be used to lay out areas for a research agenda in the energy transition. The role of corporate law 
and governance in stalling BM reconfiguration of carbon intensive EBS actors is significantly underrepresented 
in the climate agenda and deserves further research. Through surveys and interviews, microeconomic 
dynamics in the managerial position of directors and managers of carbon majors can be further elucidated and 
used to propose concrete solutions. Are carbon major managers considering shifting towards a 2ºC-consistent 
BM? What are boardroom roadblocks in the execution of these? What should be the main interventions of the 
political sector in this specific instance of corporate law, and how would such interventions come about? 
Moreover, further research on innovative forms of corporate law that align business governance with 
environmental resource management, will be useful to consolidate the growing niche of business actors that 
don’t wish to fall in the conventional for-profit category, and prioritise an enlightened role in long-term value 
creation. What forms of incorporation and governance practice should multinational firms that introduce 
non-renewable Earth system resources into supply chains adopt? In light of Earth system resilience, should 
there be a distinction between these and other business actors? See the Epilogue section for a brief discussion 
on some of these topics and gaps, which can help guide next steps in the research effort.  
This work highlights the role of p2p models in the electricity system, as potential drivers of systemic EBS 
change. Two areas of research are worth placing effort in next steps. The mechanism to coordinate, balance 
and reward peer generation and consumption at the distribution level is unresolved within the research 
literature. If peers within the same distribution line can prove net-zero imports and exports across their 
distribution substation, should they pay for full network costs per kWh? How would coordinators and 
aggregators interact with grid operators to ensure a net value creation and capture for participatory grid 
management?  The optimization of grid infrastructure in line with a full energy transition will require the right 
design and application of this mechanism. Finally, the emergence of blockchain technology introduces and 
exciting field of research and exploration. Beyond digital currencies, a meaningful research agenda for the 
energy system is to evaluate its application to facilitate community-owned decentralised autonomous 
organisations with democratic governance, securing p2p transactions with low operating costs. Can blockchain 
technology effectively usher in a democratic EBS based on a solar economy? I expect to pursue this line of work 
beyond this doctoral thesis.  
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EPILOGUE: Final thoughts and discussion on the EBS Purpose: shifting 
from corporate governance towards Earth system governance 
Section in context: The aim of this section is not to provide extra analysis, but rather to broaden and 
contextualise what I have shown in the thesis, and to highlight next steps in an EBS research agenda. To do so, 
having completed an analytical path across system scales, I adopt in this epilogue a final ‘big picture’ 
perspective and put forward a discussion that follows from what I consider to be one of the most relevant 
insights identified in the research process.  

Introduction 
At the end of chapter 3, the EBS analysis points to the importance of internal shifts, on governing leverage 
points such as purpose, as much or more than external social and market interventions. The body of work in 
chapter 3 provides a systems explanation for why directors and managers have unfavourable conditions to 
make radical business model decisions that are consistent with climate targets. The conclusion emphasises the 
conflicting corporate interests between external feedback for Earth system preservation and the internal 
material interest driving systemic behaviour and decision-making. Corporate law, which reflects business 
norms, holds a central role in this tension given it regulates the fidelity and enforceability of responses to 
negative feedback signals as well as the framework for goal-oriented fiduciary duties. This I find to be a critical 
point in the research findings. Here, I explore further the notion of purpose and its role on the bifurcation of a 
4oC and a 1.5 oC energy trajectory of the EBS. 
Claims of the profit driven purpose of firms producing net social costs and sustaining environmental 
degradation are certainly not unprecedented. Prominent business leaders have even requested an economy-
wide business purpose and culture revision, whose hallmark is the reordering of profit to a third guiding tier 
into a Planet-People-Profit hierarchy (Huffington, 2013). The underlying debate this puts forth can be 
interpreted as one concerned with the re-prioritization of social and business values influencing corporate 
governance. Values are considered to apply equally to individuals as well as organizations and are beliefs and 
motivational constructs that influence behaviour towards a higher end goal or purpose (Schwartz and Bilsky, 
1987). Changing a system’s goal, is generally interdependent to the re-shuffling of its values. 
The analysis presented in chapter 3, which informs the rest of the thesis agenda, coincides with these societal 
reactions to revise core values and suggests that the business purpose underlying the EBS is a key leverage point 
in the lock-in of the climate crisis. But how is a system’s purpose changed? How does one define an alternative 
purpose and what would be a desired outcome and behaviour of an alternative EBS? Part II of this thesis 
proposes general attributes and specific designs of BMs that, through disruption, can introduce an alternative 
EBS. It does not, however, clarify how to overcome the incumbent’s purpose inertia; how to execute and govern 
a change in the purpose of carbon majors. Finally, as with the metabolic perspective and biological analogies 
put forwards in chapter 3, what insights can we draw from the link between purpose and metabolic changes in 
biological and social systems? 
Inspired by these questions, and allowing a degree of reification of the EBS, I follow first with a broader 
discussion on the nature of purpose in living systems in order to identify and explore further insights applicable 
to business system transformation. I use these to further the discussion on the link between business purpose 
and Earth system balance as well as to propose an overarching theme to consider in strategies of EBS 
transformative change. As in the central thesis body, I conclude by discussing issues that should be considered 
by policy, academia and business to further research and implementation on this proposed reasoning.  

A deep paradigm shift for the EBS 
Whether as driver or staller of a transformational change of the EBS, the role of purpose draws out two 
challenging conclusions. The first is that the needed transformation might imply a change at the ‘identity’ level 
of the EBS—the system’s notion of self and its implications on its world-view (Markus and Kitayama, 1991). 
The second is that change is extremely hard to produce from the outside —implying the need for endogenous 
shifts of the system. This can further suggest that external market interventions such as carbon pricing, 
although incorporating a meaningful signal, would not be pivotal in such an identity shift.  
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These same conclusions can also be drawn from the recent popular movement to revise the fundamental 
purpose of business. As mentioned, the planet-people-profit and other similar purpose propositions, are social 
reactions essentially requesting a re-prioritization of values in corporate governance. In human psychology, 
the central values that can directly affect decision-making and behaviour are those that have self-centrality, 
that is, when they contribute to the notion of identity (Verplanken and Holland, 2002). Extending this to 
business, the values entrenched with the identity of a specific corporate culture are those that influence major 
business model decisions. Furthermore, values are motivational constructs drawn from culture and, whether 
it be business or social, culture is hardly enforced or regulated by ‘external’ actors and actions —at least not 
through ethical practices (Hofstede and Hofstede, 2001). 
Corporate governance is the underlying mechanism setting direction and objectives of a business system 
through the different obligations and control rights among its different stakeholders, with particular focus on 
those of financial nature (Allen and Gale, 2000) Governance operationalizes the purpose of the firm and thus 
needs to be studied ensemble. Applied to the EBS and the metabolic map of Fig 4 in chapter 3, corporate 
governance is the process that determines and maintains where the central purpose arrow point to; currently 
on track to 4oC and needing to shift towards 1.5oC.  
Changes in corporate identity and value shifts at a governance level are certainly not unprecedented. In fact, 
modern corporate governance has evolved through social, legal and economic macro dynamics but with very 
specific events in its timeline. Particularly, US and UK corporate reforms, being cradles of modern capitalism, 
have been highly influential in globalization of business governance practices. There are natural differences 
between corporate governance throughout the world, as there are variations of the limited liability company, 
all of which respond to cultural differences from country to country (Tang and Koveos, 2008; Yoshimori, 
1995). Additionally, there are significant technical distinctions between the corporate governance of publicly 
traded firms and those privately held. These differences are all relevant in a granular analysis of the major EBS 
actors: differentiating between investor-owned with nationally-owned companies and nation states. However, 
there are general systemic signals that allow insight as to how corporate governance influences current EBS 
behaviour, the metabolic rate of human-driven combustion, and why it has an essential role in the global 
pursuit of climate targets.  

A condensed timeline of corporate governance and its influence on the EBS metabolism 
Prior to the 19th century, the process of incorporation, although costly and reserved to wealthy families, was a 
matter of public interest. That is, in principle the historic purpose of companies was to serve the public. 
Shareholders had unlimited liability, meaning their private assets were exposed to cases of tort or insolvency, 
and in some examples, even years after selling or relinquishing their share of corporate ownership (Hunt, 
1936). However, with the onset of the second industrial revolution, the need for large amounts of private capital 
to finance technological revolutions that presented high risks —such as those occurring in electrification, 
production lines and oil development— placed political pressures that led to enacting the Limited Liability 
form of incorporation. Indeed, it could be hard to envision US companies like General Electric, Ford Motor 
company and Standard Oil pioneer their sociotechnical revolutions without entrepreneurial figures like J.P. 
Morgan, Henry Ford and J.D. Rockefeller having the tool of limited liability. This historic event can be framed 
as triggering a redefinition of the business system’s boundary, where it starts and where it ends, and the 
properties of how semi-permeable such a membrane is to risk and information flow. It can also be described 
as a specific moment when corporate law and governance began having a critical role in accelerating the 
metabolic rate of the EBS, both through positive feedbacks on financial capital as well as a reduction in the 
negative feedbacks from the environment (Dangerman and Schellnhuber, 2013).    
Limited liability contributed to the acceleration of the energy system but also to the development of modern 
capital markets (i.e. the financial system) (Greenwald and Stiglitz, 1992). Particularly, the increasing 
interaction between both systems allowed a second boost of available capital to the EBS—i.e. positive feedbacks 
of returns to scale—playing a critical role in the emission rate increase of the energy system since 1950. 
Essentially, limited liability allowed this by protecting lenders who didn’t have perfect information about 
borrowers. However, since the introduction of limited liability in the 19th century, corporate governance 
practices naturally evolved with changes in global business practices (e.g. higher activity of the financial system 
and globalization of capitalism). The result explains how micro dynamics at a corporate governance level can 
escalate to deleterious externalities at the macro level, including the Earth system. Their nature can be framed 
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as microeconomic dynamics produced by incentive friction or ‘pain points’ among corporate stakeholders 
(Fama and Jensen, 1983). These can be broken down into three incentive tensions between: shareholders and 
managers; the set of shareholders, directors and managers with internal stakeholders such as employees; and 
finally, all business stakeholders with external stakeholders (i.e. society and the greater environment) (Haldane, 
2015).  
The incentive frictions between shareholders and managers are central to the shareholder primacy issue 
analysed previously in section 3.3. Limited liability naturally contributed to this primacy: if managers were no 
longer liable for company losses how would shareholders protect their money? This served as the basis to 
provide both more power to shareholders, but also led to aligning shareholders and managerial incentives by 
using equity or stock options in executive compensation schemes —solving what is also known as the 
principle/agent problem (Hall and Liebman, 1998; Jensen and Meckling, 1976). With the evolution of stock 
markets, particularly in the second half of the 20th century, the governance dynamics between shareholders 
and managers led to one characterised by increased short-termism from impatient markets (Kay, 2012; Porter, 
1992). As a distinguishable feature, managers focused more on yearly and even quarterly results, and the share 
holding period —the average time a corporate share is owned— was reduced by several orders of magnitude 
in markets throughout the world. In the UK, for example, the holding period fell from 6 years in 1950 to under 
6 months today (Haldane, 2010).  
Incentive differences between the group of shareholder, directors and managers with the rest of business 
stakeholder (e.g. employees, contracted suppliers etc.) is also one augmented with changes in global financial 
practices in the second half of the 20th century. First, to maximize shareholder value, managers —included as 
equity holders— could now more easily shift financial capital risk from equity to debt and as a result increase 
volatility of company profits (Jensen and Meckling, 1976; Merton, 1974). In other words, financing upstream 
and downstream investment in the EBS supply chain could rely more on borrowed money from financial 
institutions than on the corporation’s retained earnings and available cash. Nevertheless, while this dynamic 
applies to many sectors of the economy, the EBS due to its sheer size, has shown a less evident shift and has 
relied more on retained earnings (IEA, 2014). Second, with shareholders having low holding periods, the risks 
of business activities could be diversified, which directly affects governance practices. The reasoning of this is 
as follows. EBS shareholders face multiple risks in the face of climate change. Additionally, through modern 
corporate governance, they hold a high internal business risk from having the least claim of residual profits. 
For example, in a case of insolvency, debtors, bondholders and employees have priority over them. This fact 
has been used to argue in favour of higher shareholder primacy or control, given they have a ‘riskier’ position 
in regards to profits. However, by diversifying their shareholder portfolio, as in the case of institutional 
investors, this risk can be reduced (Wolf, 2014). On the other hand, for all EBS stakeholders, employees, society 
and the Earth system, there is no such option for diversifying risk. Considering this risk diversification 
dynamic, a case could be made that modern EBS investors have more incentives for high-risk strategies and its 
associated perils, such as relying on gas as a bridge fuel well past carbon budget consumption whilst betting on 
future negative emission technologies. 
Finally, the fundamental incentive disconnect of the EBS’s corporate governance arrangements is that arising 
from its very business model. Considering the whole life-cycle of its business activities, its historic and 
projected reliance on over 70% fossil fuel production for energy supply can impact beyond internal stakeholder 
to all other relevant stakeholders in the Earth system, including both present and future. That is, its externalities 
have impacts well beyond the horizon of present generations. Under a shareholder-centric model, externalities 
are unlikely to be internalised fully. Particularly, when the potential for social costs are so high, this produces 
an incentive friction for moral hazards, since the damages are too big to be insurable (Arrow, 1968; Haldane, 
2015). Here, there are also analogous dynamics between the financial system and the EBS. Failed corporate 
governance in the banking system can trigger financial crises that bare on global social costs and yet rely on 
governments as insurance, or as an implicit subsidy, as was the case in the 2008 global financial crises 
(Alessandri and Haldane, 2009). A key dynamic that allows these two sectors to be the subject of such moral 
hazard, relates to the different ‘speeds’ they have compared to the political and legal sector. 
The difference in system speeds is fundamental to the incentive disconnect of the EBS with all other 
stakeholders. By the time the UNFCCC Paris agreement was signed, the world had consumed half of its 2oC 
budget (Meinshausen et al., 2015). Furthermore, to this present day, there is no transnational legal apparatus 
that can effectively regulate multinational corporate governance in regards to climate change (Minas, 2015; 
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Zumbansen, 2014). In other words, this dynamic is explained by economic globalization significantly 
outpacing political and legal globalization (Stiglitz, 2007a). The fundamental difference between the energy 
and the financial sector is, however, time. Financial crisis impacts on GDP costs, which affects the economic 
welfare of present generations and perhaps even the immediate next generation. Anthropogenic climate 
change and a 4oC warmer world, on the other hand, impact on multiple generations to come. The issue of 
moral hazard has also been described for mitigation efforts by countries, as well as reliance and expectations 
of negative emission technologies and carbon capture and storage (Lin, 2013). In the governance of EBS, it 
thus applies equally to IOCs, NOCs and Nation States.  
This discussion attempts to further clarify how corporate identity —which includes ownership structures— 
and the operationalization of purpose, combine in fundamental EBS governance dynamics that maintain lock-
in on planetary damage. It is now understood among corporate governance scholars, that the most 
straightforward way for addressing stakeholder externalities, no matter how big these are, is to have these 
broader interests directly weighed in the decision-making process, objectives and purpose of companies. This 
brings me to introduce a proposition for changing the EBS purpose.  

Internalizing the Earth System 
Based on this analysis, I propose that to have better chance at maintaining natural climate resilience, the Earth 
system —as both a stakeholder concept and physical entity— needs to be directly internalized in the corporate 
governance of the EBS. The systems thinking approach in this thesis stresses the importance of a more 
profound internalization of environmental externalities, relative to present proposals for adjusting these 
through pricing adjustments alone. I argue this internalization entails an ‘identity’ change for the EBS. 
Corporations, in their objective of producing and delivering value, would frame the Earth system as part of the 
‘self’ seeking to add value to; or alternatively, as part of the EBS concept of ‘world,’ which derives meaning to 
that self. In other words, at a governance level the EBS would shift or extend its identification with its 
shareholders to include the fundamental medium where its supply chain resides. Just as the economic speed 
of the EBS outpaced political and legal globalization, leading to supranational organisations with economies 
larger than individual countries, it can also be argued that it has outpaced psychological globalization. 
Identifying with the Earth system could prevent the EBS from patterns of self-destruction.  
I propose such an ontological internalization would provide conditions for directors and managers of the EBS 
to make the radical business model and strategy shifts needed to maintain business within stable operating 
climate thresholds. I suggest it as a condition that would facilitate both the escape from current Earth 
deteriorating lock-in and, more importantly, prevent future ones. Figure 9 shows a representation of this 
concept using the concentric circle system representation used in the EBS metabolism map of chapter 3. 
As utopian, or even metaphysically far-fetched as this may sound, it is not much different than other 
phenomena occurring in critical economic sectors. After the global financial crisis of 2008 exposed multiple 
shortcomings of current corporate governance in the banking system, proposals emerged to revise banks 
fundamental identity and culture to rebuild trust with the public. For example, the UK Parliamentary 
Commission on Banking Standards explicitly recommended in 2013 removing  shareholder primacy in respect 
to banks, hold executives accountable for actions that don’t internalize the public interest, and essentially revert 
banking to be identified with a force of good (PCBS, 2013). Similar recommendations were published by other 
private and public organizations (Haldane, 2016). 
Although not effectively implemented, suggestions from relevant authors and business leaders to incorporate 
the greater society as major stakeholder in the governance of businesses that hold high risks of social costs are 
now ubiquitous. My suggestion for the EBS, however, stresses the focus on the Earth rather than the societal 
system. I can identify at least four reasons for this priority. First, the Earth system is the physical medium by 
which CO2 emissions, no matter their geographic source, affect the present and future society and biodiversity. 
Second, a purely social objective can be more prone to short-term strategies that focus more on current over 
future generations. Strategies that satisfy current generations while shifting risk to future ones —such as 
increasing present fossil fuel infrastructure lock-in while investing on future roll-outs of CCS— are a form of 
moral hazard that can be prevented by the broader outlook of the Earth system. Third, internalizing the Earth 
system can introduces more efficient boundaries with lower feedback filters (see Fig. 9 as reference). A more 
direct contact between the Earth system and the EBS’s ‘membranes’ can accelerate the environmental feedback 
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mechanism described in chapter 3. Furthermore, it can facilitate a change in the system’s identity by 
incorporating more explicit environmental language in governance dynamics (Haldane, 2016). Finally, an 
Earth centred EBS favours the development of metric-based frameworks consistent with physical carbon 
budgets. Social capital can be more elusive as a quantifiable concept than the physical aspects of natural capital. 
Earth and corporate governance is more manageable when strategies are set to meet measurable risks and 
values either consistent with respective Nationally Determined Contribution under the Paris Agreement, or of 
scientifically defined climate target budgets (TCFD, 2016).  
The Earth system is an ultimate stakeholder concept since it serves all living societies through space and time. 
In a virtually sterile solar system, the Earth and its carrying capacity is the most precious natural capital asset 
for human society3. Nevertheless, a major challenge of this purpose and internalization proposition —
following our discussion so far— is that it cannot be accomplished by enforcements from outside the system. 
As a self-organizing and self-renewing system, signals external to the EBS —e.g. carbon pricing, standards, 
legal changes— translate to internal compensations rather than fundamental purpose shifts (Maula, 2006). 
This poses perhaps a higher challenge and may demand research beyond disciplinary boundaries to study by 
what mechanism can paradigms be transcended.  

 
Figure 9 |  Earth system internalization into the EBS. Conceptual representation of a transition to an internalized 
Earth system in the EBS. By explicitly incorporating the Earth system within the corporate boundaries of the EBS 
(shown in the concentric circles on the right), corporate governance could consider Earth as part of its identity and 
thus object for pursuing its “enlightened” self-interest. 

From corporate governance to Earth system governance: the gap between theory and practice 
Climate change introduced a new dimension to the governance of human society on this planet. The case to 
improve our governance structures to deal with Earth system issues has already been presented in literature 
(Biermann, 2007). Earth system governance (ESG) is now a growing research field and produced organisations 
that are actively working to establish operational ESG structures (Biermann et al., 2010). The ideas presented 
in this final section adds to this literature by re-tracing the critical connections between the EBS and the Earth 
system, with particular focus on governance dynamics. Business systems are significantly underrepresented in 
Earth system analysis and yet hold agency at multiple levels. The UNFCCC has been the official body that most 
closely operates present ESG in regards to climate change. It has been responsible for orchestrating geopolitical 
commitments and competing national interests that more often than not clash with global environmental 
efforts. The lessons learned throughout the UNFCCC trajectory would be a good basis for incorporating ESG 
into the EBS. 
With this work, I attempted to discuss how at a corporate level, the evolution in governance practices may have 
contributed to cultural and psychological disconnect between humans and the natural system, strengthening 
a shareholder-centric perspective and short-term behaviour. As pointed out, the necessary changes are far from 
simple, involving ontological transformations, paradigm shifts in a highly engrained societal system. I 
recognize the large academic, political and economic gap between concepts and models of more sustainable 
business practices and the reality of present EBS behaviour and forecasts.  

                                                             
3 While there has been an increasing private interest in the Mars system (Musk, 2017), due to astrobiological challenges, these can be interpreted as societal signals 
reaffirming that the Earth system is in significant jeopardy from its own inhabitants, —and may at least help trigger a ‘Tuvalu syndrome’ where its main value to 
help society react to the magnitude of the challenge at hand. 
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While this work does not provide concrete direct solutions to the EBS-Earth governance tension, highlighting 
the importance of this issue will hopefully facilitate the development of a research and action agenda to derive 
such solutions. Furthermore, the most important indirect solutions proposed in this thesis are the 
incorporation of corporate determined contributions to the Paris agreement by EBS actors (i.e. presented in 
chapter 3), and the pursuit of socially innovative business models in the electricity sector such as the SVEN 
presented in Part II.  
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