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a b s t r a c t

Residential photovoltaic systems with battery energy storage could help accelerate the transition to a
more efficient, secure and reliable electricity supply. Understanding and managing the risks associated
with this complex, consumer-led transformation will be critical to minimize disruption and achieve
effective integration. In this paper, we use a case study of Queensland Australia and causal loop
modelling, underpinned by qualitative data sourced from extensive interviews with expert stakeholders,
to consider how residential battery energy storage deployed at-scale could erode the dominance of the
traditional centralized electricity supply model. With feedback loops highlighting the primacy of the
consumer in coming years, our modelling suggests that a failure by incumbent utilities and policy makers
to respond to consumer needs, or subvert access to battery technology, will ultimately reinforce con-
sumer drivers for self-sufficiency and grid independence. Our analysis highlights that energy policy
should address consumers’ non-financial motivations for grid independence while concurrently incen-
tivizing the strategic management of home battery energy storage to achieve beneficial whole-of-system
outcomes. The development of price-based signals that assign fair-value along the supply chain could
help achieve both of these objectives. Our analysis highlights the importance of taking a long-term,
systems-based view of residential battery deployment to avoid negative outcomes along the supply
chain and to help achieve the most efficient integration.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Centralized electricity supply systems are experiencing rapid
and material change in response to a confluence of climate policy,
technology development and the rise of the ‘engaged’ electricity
consumer. The unprecedented growth of residential solar photo-
voltaics (PV) epitomizes this transition. In just over a decade, global
PV capacity has increased from approximately 1.3 GW (GW) in
2000 to nearly 230 GW by the end of 2015 (EPIA, 2014; IEA, 2016).

Despite its many benefits however, the rapid integration of PV
into existing centralized electricity systems has not always been
ideal. Two-way power flows, voltage fluctuations and intermittent
generation have negatively impacted power quality in areas of high
PV density (Eltawil and Zhao, 2010; Noone, 2013; Passey et al.,
2011). At the same time, falling electricity volumes have

challenged traditional revenue recovery mechanisms resulting in
increased electricity prices, cost-shifting and in some cases, nega-
tive social equity outcomes (Rickerson et al., 2014; Simshauser,
2016).

Residential battery energy storage systems represent the next
wave of consumer-led energy technology that could exacerbate
electricity sector disruption. Battery energy storagewith PV enables
consumers to reduce the volume of electricity they use from the
network, shift the times they use the network or disconnect from it
entirely (Agnew and Dargusch, 2015). This represents a paradigm
shift for traditional centralized electricity supply systems, which
generally require instantaneous balancing of supply with demand.

While high costs in the past have hindered residential battery
uptake, recent multi-billion dollar investments in technology
development and manufacturing have seen dramatic price de-
clines. In early 2015, electric vehicle manufacturer Tesla announced
pricing for new home battery energy storage solutions that sub-
stantially undercut all previous price expectations (RMI, 2015). In
2016, Tesla upgraded its home battery system by doubling the us-
able capacity and including an integrated inverter (Tesla, 2016). The
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new system, selling at approximately the same price as the original,
represents an effective halving of costs in terms of price per kilo-
watt hour.

Other battery manufacturers have also mobilized and a range of
new competitive battery products and services have been released.
At the same time, governments have implemented subsidy ar-
rangements while innovative financing approaches have helped
reduce high upfront capital costs (AECOM, 2015). These de-
velopments have seen battery learning rates (i.e. the reduction in
cost for every doubling of cumulative installed capacity) exceed
20% since 2010 (IEA, 2016).While the extent towhich battery prices
will decline remains uncertain it is estimated that costs could
decline to $US100 per kWh by 2040, with the US Department of
Energy suggesting they could fall to as little as $US80 kWh (IEA,
2016). With these factors coalescing, much like they did for PV
more than a decade ago, it is likely that mass market uptake of
residential battery energy storage will be possible within the next
decade (AECOM, 2015; Byrd et al., 2014; EPRI, 2014; IRENA, 2015;
Koh et al., 2014).

Should this occur, the implications for the physical electricity
supply system, the financial markets that underpin them and future
power system design are substantial (PWC, 2014). For example,
consumers seeking self-sufficiency will be able to install PV and
battery systems that substantially reduce their reliance on the
existing network. At scale, this will drive sector-wide demand re-
ductions that will increase electricity prices (as predominately
fixed costs are recovered overs smaller volumes of electricity),
which in turn encourages more consumers to further reduce elec-
tricity demand (Simshauser and Nelson, 2012). For those con-
sumers who are unable to change their electricity consumption
patterns or install demand-side technologies, rising electricity costs
will have a disproportionate and inequitable impact (Simshauser
and Nelson, 2012).

At the same time, these dynamics will drive poor asset utiliza-
tion and impede future planning and investment, which will
weaken the long-term viability of incumbent businesses and the
stability of the electricity market. In many modern electricity
supply systems, generation and network assets represent multi-
billion dollar investments that have been paid for, or heavily sub-
sidized by taxpayers. Poor utilization, falling dividends and asset
impairment can therefore have broader socio-economic impacts.

These risks have received considerable industry attention and
an extensive body of research is emerging. Studies include those
relating to technical and system optimization (Castillo-Cagigal
et al., 2011; Hammond and Hazeldine, 2015; Ratnam et al.,
2015a), economic implications (Hoppmann et al., 2014; Mundada
et al., 2016; Ratnam et al., 2015b), environmental issues (Fares
and Webber, 2017) (McManus, 2012) and policy and regulatory
integration (AEMC, 2015; Rickerson et al., 2014).

A fundamental gap in the academic literature is an assessment
of battery adoption dynamics from a whole-of-system perspective,
reflecting the multi-causal, socially complex nature of the problem.
This gap exists in part because energy systems, despite being
frequently conceptualized and modelled as techno-economic
phenomenon, are socially driven and socially embedded systems
characterized by ‘messy’ real-world complexity (Miller et al., 2015).
Traditional econometric models that assume consumer objectivity
and rationality fail to incorporate this distinction (Byrne et al.,
2002).

Instead, transdisciplinary techniques are required that are
“capable of grasping the big picture, including the interrelation-
ships among the full range of causal factors underlying them”

(APSC, 2012). In this respect, a “systems thinking” approach is well
suited to the task.

Systems thinking is a process for establishing the relationship

between system behavior and system structure (Forrest, 2008). It
provides a conceptual framework and the empirical tools to better
understand dynamic complex systems while bridging the gap be-
tween the sciences and humanities to connect often seemingly
incongruent variables (Hjorth and Bagheri, 2006).

In this paper, we use systems thinking theory to identify some of
the ambiguous and multi-dimensional problems that relate to the
adoption and integration of residential PV with battery energy
storage. We develop a dynamic hypothesis using causal loop
modelling based on extensive interview data sourced from partic-
ipants along the electricity supply chain. To our knowledge this is
the first time primary interview data collected as part of the study
has been applied to map the complex dynamics associated with
residential battery adoption. This is an important step in con-
ceptualising and understanding complexity as it helps create “a
framework for seeing interrelationships … for seeing patterns of
change rather than static snapshots” (Senge, 2006).

We use the state of Queensland Australia as a case study to
model these dynamics. With some of the highest per capita PV
installations in the world, a well-established solar industry,
ongoing PV growth and high electricity prices, it has many of the
preconditions necessary for rapid battery uptake (AEMO, 2014). As
Queensland's centralized electricity sector comprises assets worth
more than $AU30 billion, disruption to this system has the potential
to result in substantial negative economic, environmental and so-
cial impacts. This makes Queensland an excellent target to apply a
systems thinking methodology, particularly as the residential bat-
tery energy market is currently at an embryonic stage of develop-
ment and there exists very little market data and limited primary
research regarding adoption dynamics.

This paper is structured as follows: Section 2 describes the
method used for data collection, an explanation of how the data
was used to address the research objectives and a description of the
case study area. Section 3 comprises the results used for problem
articulation, creation of a sub-system diagram (i.e. an overview of
the system architecture) and formulation of a dynamic hypothesis
using causal loop modelling. Section 4 concludes with a summary
on the broader implications of the research.

2. Methods

We apply systems thinking theory to help explain the structure
and dynamics underpinning battery energy storage adoption and
integration in Queensland. Systems thinking uses feedback theory
to develop a testable hypothesis, referred to as a dynamic hy-
pothesis, that explains past and future system behavior. In the
development of this hypothesis, systems thinking works best when
it takes multiple perspectives into account by engaging people who
work within and manage the system under study (Cabrera et al.,
2008).

To date, systems thinking has been used to analyze a range of
energy policy challenges such as emissions reduction, energy
conservation and market liberalization (Leopold, 2015; Qudrat-
Ullah, 2016; Teufel et al., 2013). Systems thinking is well suited to
these applications as “energy systems have many of the properties
that can be described easily using system dynamics models: for
example, nonlinearities (such as resource depletion), stocks and
flows (of resources and capital), feedback loops (primarily through
price), emphasis on dynamic behavior, and the need for policy
analysis” (Naill, 1992). The International Energy Agency (IEA) spe-
cifically identifies systems thinking as a framework to help transi-
tion to future energy systems. The IEA state that for disruptive
technologies such as residential battery energy storage, the use of
systems thinking could help to increase efficiency, resilience and
the economics of the entire energy infrastructure (IEA, 2014).
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