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Preface

People from all walks of life regardless of their origin, creed, sect, social strata, and
value systems desire a better life. Energy plays a fundamental role in the well-being,
prosperity, and improved lives of all of us. Planners and decision makers of any
region, state, or country therefore, have or at least aspire to have a common goal: an
adequate, reliable, cleaner, and affordable supply of energy. In order to achieve this
goal, the responsible governments and authorities, often at the time of the pro-
mulgation of their national development plans and economic agendas, enact,
implement, assess, and adjust various energy policies.

To realize energy policy objectives, the common challenge for the decision
makers is how to design an effective and efficient energy policy subject to
sociotechnical constraints. To begin with, the design of an effective and efficient
energy policy is a complex task. Energy systems are essentially sociotechnical
systems. Although the complexities of physical energy generation systems (e.g.,
run-of-river and reservoir-based hydro power plants, nuclear power plants, wind,
solar, biomass, and tidal power generation technologies, transmission and distri-
bution systems) are highly technical, the nature of issues related to the affordability
(e.g., ability of the consumers to pay) and adoption of technologies (e.g., due to the
consumers’ sensitivity to environmental emissions) is predominantly social. The
limited resources and conflicting objectives of various stakeholders (e.g., local
community, business community, regulatory agencies, and governments) further
complicate the energy policy decisions. Therefore, an appreciation and under-
standing of the dynamics of these sociotechnical systems is an essential prerequisite
of the design of an energy policy. Hence, the objective of this book is to enhance
systematically our understanding of and gain insights into the general process by
which the physics of stocks and flows of an energy system explains the making of
an efficient and effective energy policy.
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viii Preface

Approach of This Book

To realize the objective of this book, we identify some fundamental accumulation
processes (stocks and flows) spanning across the demand and supply sectors of
energy systems that are common to the majority of energy policy related issues
across the globe. To understand the physics of these identified stocks and flows of
energy systems, we apply the system dynamics approach (i.e., stocks and flows
based modeling). By presenting examples of some “validated and in use” system
dynamics simulation models wherein these accumulation processes are drivers
of the behavior of the represented energy system, we demonstrate the importance
and utility of the fundamental and foundational structures (i.e., stocks and flows
based feedback loops) of energy systems. Based on these modeling efforts, three
cases, (i) the dynamics of green power in Ontario, Canada, (ii) socioeconomic and
environmental implications of the energy policy of Pakistan, and (iii) the dynamic
of the electricity generation capacity of Canada, are analyzed and discussed.
Finally, for dealing with complex, dynamic energy policy issues, a step-by-step
model based on the stock and flow perspective is presented.

Outline of Book

This book has seven chapters dealing with three distinct but related themes of
energy policy:

1. The introduction to the subject of “modeling for energy policy,” its importance
and complexity, and stock and flow perspective (i.e., system dynamics
approach) as a “solution” modeling approach (Chaps. 1 and 2).

2. The physics of stocks and flows and how it deals with the complexity of energy
systems (Chaps. 3 through 5).

3. The physics of stocks and flows in action; the applications of system dynamics
models developed for dealing with various energy policy issues, thereby, helps
to drive critical lessons to be learned (Chaps. 6 and 7).

Use and Users of Book

This book provides the reader with a comprehensive understanding of the physics
of stocks and flows encountered in the design of an efficient and effective energy
policy for a region or country. By studying the dynamics of the fundamental
structures of an energy system, she or he will not only appreciate the existence and
utility of key stocks and flows of energy systems but also contribute to the
policy-making projects across various domains. This book is intended for managers
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and practitioners, teachers, researchers, and students of design and assessment of
energy policy making for complex, dynamic energy systems.

For managers (utility managers, professionals working in energy, environment,
and resource industries) and practitioners (energy policy consultants, climate
change writers and journalists, and IPPs consortiums), this book provides insights
into the complex dynamic systems that they often encounter. For these readers,
Chaps. 4 and 5, which provide methodological details on the physics of stocks and
flows, may be skipped initially so that they can go directly to the applications of
stocks and flows based simulation models to various energy policy related issues
and the important lessons learned (Chaps. 6 and 7).

Teachers and instructors in the post-secondary education sector can adopt this
book as a textbook for a half course on Policy Modeling or Energy Policy
Modeling.

For researchers and students, this book provides probably the most systematic
study of the physics of stocks and flows in energy systems. The background
material in Chaps. 3 through 5 provides a solid base to understand and organize the
existing system dynamics models for energy policy design.

Toronto, Canada Hassan Qudrat-Ullah
August 2015
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Chapter 1
Energy Policy Making: A Complex
Dynamic Task

We can no longer continue with a status quo energy policy. We
must create sustainable clean energy jobs and leave the planet to
our children and grandchildren in better shape than we found it

—Jeff Merkley

1.1 Introduction

In our modern-day life, energy policy has always been at the forefront of public
debates, legislative fora, and public and corporate decision making. Decision makers
constantly have to find ways to balance the two critical aspects of any energy policy:
economic welfare and environmental degradation. This is not an easy task. There is a
basic dilemma in energy use. Energy use can contribute to economic growth and
development activities, while at the same time, it is one of the biggest sources of
environmental emissions that pose a serious threat to the sustainability of our planet.
Researchers, especially the modeling and simulation community, continue to
investigate and provide policy insights on dealing with these complex issues.

For me, there are three fundamental concerns that have provided motivation to
bring out words in this endeavor. First, the need for energy for improving (e.g., in
the case of the majority of developing countries) and maintaining (e.g., in the case
of industrialized and developed nations) our livelihood and well-being has reached
the level of unprecedented dependency. Second, the security of the energy supply in
our globalized world is facing unsurmountable risks. Third, the effects of climate
change (e.g., increased CO, emissions) due to the burning of fossil fuels have
created enormous challenges for all nations. In the context of these concerns, the
design and assessment of energy policies is not only a worthwhile research activity
but can also play a major role in shaping the way we produce and consume energy.
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Energy systems are stocks and flows of limited resources including capital
(i.e., physical production machines and input materials), money (i.e., payment and
receipts for goods and services), information (i.e., management decisions, pro-
cesses, and reports), and people (e.g., the stakeholders) that are causally intercon-
nected. The interactions of these stocks and flows create the resulting outputs (e.g.,
the gaps in supply and demand of electricity, and changes in electricity prices).
When it comes to understanding of the dynamics of stocks and flows of a system,
the empirical evidence is mixed at best (Sterman and Sweeney 2002; Pielke et al.
2008; Cronin et al. 2009). Although the nature of energy policy related issues is
complex, the essence of several complex problems such as global warming is as
simple as filling a bathtub. The stock of water in a tub is increased by the inflow
(i.e., opening the faucet) and is decreased by outflow (i.e., opening the drain). Now
if people are given information on both the inflow and outflow, it is fairly easy to
depict the trajectory of the stock. However, several studies using this task and other
stocks and flows based problems found that the average performance in these tasks
was less than 50 % (Sweeney and Sterman 2000; Moxnes 2004; Cronin et al. 2009;
Qudrat-Ullah 2014). This empirical evidence is illustrates the power of understating
the basic dynamics of complex systems in terms of stocks and flows. Understanding
the nature and dynamics of an energy system’s stocks and flows, therefore, is an
essential ingredient of an effective and efficient energy policy of a nation or region.

The primary purpose of this book, therefore, is to aid energy policy makers to
understand better the dynamics of interconnected, sociotechnical stocks and flows
of energy systems, whereby often well-intentioned and apparently sound energy
polices produce counterintuitive outcomes. By using the system dynamics approach
(Forrester 1961), decision makers can explicitly see the representation and impact
of energy systems’ stakeholders’ point of view (e.g., economics, environmental,
geopolitical, and ethical). It is not the question of only supply and demand of
energy resources but how we can best manage these limited resources subject to
local (e.g., adequate, affordable, and cleaner availability of energy) and global
(e.g., regulations, politics, and security) constraints. Poor assumptions adversely
impact even the well-intentioned decisions (e.g., to see how poor assumptions,
e.g., technology challenges, have been seriously underestimated even by the
Intergovernmental Panel on Climate Change, please see Pielke et al. 2008). The
ability of the system dynamics approach to allow the decision makers to test their
assumptions and develop consensus-oriented energy policies is the currency of this
approach.

Therefore, to achieve the objective of this book, “to enhance systematically our
understanding of and gain insights into the general process by which the physics of
stocks and flows of an energy system explains the making of an efficient and
effective energy policy of a nation,” our focus is on understanding of the dynamics
of key stocks and flows of energy systems. In this brief, we identify some funda-
mental accumulation processes (stocks), spanning across the demand and supply
sectors of energy systems that are common to the majority of energy policy related
issues across the globe. By presenting some examples of system dynamics simu-
lation models wherein these accumulation processes are drivers of the behavior of
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the represented energy system, we demonstrate the importance and utility of these
fundamental and foundational structures of energy systems. Based on these mod-
eling efforts, three cases, (i) socioeconomic and environmental implications of the
energy policy of Pakistan, (ii) the dynamics of green power in Ontario, and (iii) the
dynamics of electricity generation capacity of Canada, are analyzed and discussed.
We begin our journey by presenting, in the next section of this chapter, a general
overview of the dynamics of an energy policy.

1.2 Dynamics of Energy Policy: An Overview

People from all walks of life regardless of their origin, creed, sect, social strata, and
value systems desire a better life. Energy plays a fundamental role in the well-being,
prosperity, and improved lives of all of us. Planners and decision makers of any
region, state, or country, therefore, have or at least aspire to have a common goal:
an adequate, reliable, cleaner, and affordable supply of energy. In order to achieve
this noble goal, the responsible governments and authorities, often at the time of the
promulgation of their national development plans and economic agendas, enact and
implement, assess and adjust various energy policies, often called “national energy
policy.” For instance, the president of the United Sates stated the objectives of the
national energy policy in 2001 as (NEP 2001):

to develop a national energy policy designed to help the private sector, and, as necessary
and appropriate, State and local governments, promote dependable, affordable, and envi-
ronmentally sound production and distribution of energy for the future.

The Government of Ontario, Canada’s largest province both by population and
by electricity generation capacity promulgated its 2013 Long-Term Energy Plan
with the objective:

to balance the following five principles: cost-effectiveness, reliability, clean energy, com-
munity engagement and an emphasis on conservation and demand management before
building new generation.

To realize such governmental policy objectives, the common challenge for the
decision makers is how to design an effective and efficient energy policy subject to
sociotechnical constraints. To begin with, the design of an effective and efficient
energy policy is a complex task. What kind of complexity do the decision makers of
energy policy face?

To be fair, the concept of complexity means something different things to dif-
ferent people. However, there are two main types of complexity: combinatorial
complexity (or detail) and dynamic complexity. Although combinatorial com-
plexity stems from a fairly large number of variables and even a larger number of
possible combinations of these variables of a system (e.g., scheduling of games of
the world soccer league or scheduling of exams in a short exam period of a large
university), dynamic complexity arises due to the interactions of actors of a system
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over time. In fact, Sterman in his pioneering work (2000, p. 21) elegantly describes
the distinctive feature of dynamic complexity as

Most people think of complexity in terms of the number of components in a system or the
number of combinations one must consider in making a decision. The problem of optimally
scheduling an airline’s flights and crews is highly complex, but the complexity lies in
finding the best solution out of an astronomical number of possibilities. Such
needle-in-a-haystack problems have high levels of combinatorial complexity (also known
as detail complexity). Dynamic complexity, in contrast, can arise even in simple systems
with low combinatorial complexity. Dynamic complexity arises from the interactions of the
agents over time.

Therefore, the task of making an effective and efficient energy policy is a
dynamically complex task. In such tasks, causes and effects are often distant in time
and space: making policy decision making a difficult task.

Treating the task of energy policy design as a purely technical task won’t be of
much help in achieving the objective of an energy policy either. Energy systems are
essentially sociotechnical systems. The complexities of physical energy generation
systems (e.g., run-of-river and reservoir-based hydro power plants, nuclear power
plants, wind, solar, biomass, and tidal power generation technologies, transmission
and distribution systems) are highly technical, however, the nature of issues related
to affordability (e.g., ability of consumers to pay) and adoption of technologies
(e.g., role of consumers’ sensitivity to environmental emissions) is predominantly
social. The limited resources and conflicting objectives of various stakeholders
(e.g., local community, business community, regulatory agencies, and govern-
ments) further complicate the energy policy decisions. Figure 1.1 presents an
example of the dynamics of a few variables relevant to the energy system of
Canada. Here, the variable Oil Production represents the technical aspect of the
energy system (e.g., drilling capacity and efficiency are important indicators of the
oil production capability of an energy system). On the other hand, population
growth and energy prices are socioeconomic factors of an energy system.
Expensive energy badly affects the budget of low-income nations across the globe.
Environmental pollution severely impacts the well-being of people. Perceived risks
of nuclear power are increasingly high. Building of large dams for hydro power has
detrimental implications for the habitat. The intertwined nature of these socioeco-
nomic and environmental factors of an energy system adds to the complexity of the
task of energy policy decision makers. Even a systematic visual look at the varying
behaviors of the selected four variables (Fig. 1.1): Natural Gas Prices, Electricity
Prices, Oil Production, and Population Growth Rate, reveals a critical reality per-
taining to the management of energy systems. That is, to manage an energy system
effectively, the use of traditional statistical estimation alone (e.g., regressions and
trending) will hardly be of any help. Instead, an appreciation and understanding of
the dynamics of these sociotechnical systems is an essential prerequisite of the
design of an energy policy.

In complex dynamic systems such as an energy system, stocks or the accumu-
lation processes of the system are a major force behind the dynamic behavior of the
system (Forrestor 1961; Sterman 2000). For instance, new investments made in the
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Fig. 1.1 Canadian population growth rate, oil production, and prices of gas and electricity. Note
2012Cdn$: 2012 Canadian Dollar; GJ, bbl: Giga Joul billion barrel

electricity generation capacity lead to an increase in the stock of “generation
capacity”. This stock of “generation capacity” can decease upon aging (i.e., a power
plant becomes obsolete when its operational life expires). This stock or the accu-
mulation process will exhibit a dynamic equilibrium when net flow (i.e., addition of
capacity minus deletion of capacity) is zero. Likewise, population dynamics (e.g.,
new births, deaths, and different strata of population) impact the demand of elec-
tricity. So, to understand the demand of electricity better, one should appreciate and
understand the dynamics of the underlying stock, i.e., the population. Knowledge
about the physics of stocks (i.e., the dynamic behavior) of a complex system, that a
stock can only be controlled through its inflows and outflows, plays a key role in the
understanding of the dynamics of that complex system. Therefore, a better
understanding of the physics of stocks and flows of a complex dynamic system is
required for the effective and efficient management of such a system, a raison d’étre
of any energy policy.

1.3 Organization of This Book

This book is organized into three major parts. Part I (i.e., This chapter and Chap. 2)
(i) serves as an introduction to the subject of “modeling for energy policy,” its
importance and complexity, and (ii) introduces the system dynamics approach as a
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“solution” modeling approach. Part II (i.e., Chaps. 3, 4 and 5) focuses on (i) the
physics of stocks and flows and how it deals with the complexity of energy systems
and (ii) the validation procedures for the stock and flow based simulation models.
Finally, Part IIT (i.e., Chaps. 6 and 7) presents the applications of system dynamics
models developed for dealing with various energy policy issues, thereby helping
driving critical lessons to be learned.

1.4 Summary

All energy policies, be it for a developing or a developed region, are designed to
meet the socioeconomic objectives set forth by the decision makers. The dynamic
and intertwined nature of socioeconomic and environmental factors of an energy
system adds to the complexity of the task. Nevertheless, all the modeling efforts
regarding the stocks and flows oriented modeling endeavors for energy systems
ought to be geared to achieve those policy objectives.

Identification of the key stocks and flows of an energy system and the under-
standing of the physics of these interacting stocks and flows play a fundamental role
in the design and assessment of an effective and efficient energy policy. In the next
chapter, we present an overview of the practice of simulation and modeling in
service of energy policy and related issues.
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Chapter 2
Modeling and Simulation in Service
of Energy Policy: The Challenges

People would rather believe than know
—Edward O. Wilson

Modeling and simulation have long and well served the actors and various decision
makers in the domain of energy policy. Various modeling approaches and models
have been applied to address a variety of energy policy related issues. However, the
journey continues. This chapter provides an overview of these modeling approaches
and models identifying their key challenges in the face of emerging issues.
The identified energy policy modeling related issues include the characterization
of energy systems as complex dynamic systems with numerous uncertainties,
nonlinearities, time lags, and intertwined feedback loops.

2.1 Energy Systems Modeling and Its Challenges

By and large the modeling and simulation community has successfully used a
variety of methods and techniques to serve energy policy needs. For instance,

e Linear programming and dynamic programing: to perform capacity expansion
and energy-economy analysis [e.g., WASP model (Foel 1985), MARKAL
model (Fishbone and Abilock 1981), and RES model (Howells et al. 2011)]

e Mixed-integer linear program: to optimize distributed energy resource system
[e.g., MILP model (Omu et al. 2013)]

e Econometric methods: to produce annual energy outlook and the role of carbon
capture and storage [NEMS model (Kydes and Shah 1997) and SGM model
(Praetorius and Schumacher 2009)]

e Partial equilibrium model: to develop the US Climate Action Plan [e.g., IDEAS
model (Wood and Geinzer 1997)]

e Optimization: to analyze energy—economy interactions and optimize the options
for SO, control (e.g., Meier and Mubayi’s (1983) model and Islas and Grande’s
(2007) model)
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e Scenario analysis: to analyze energy policies (e.g., Munasinghe and Meier’s
(1993) model

e Agent-based modeling: to provide quantitative support for climate policy for-
mulation and evaluation [e.g., ENGAGE model (Wang et al. 2013)]

have been applied to address various energy policy related issues, be it in a
developing or a developed region or country. Despite the demonstrated applicability
and success of these operational methods over the past several decades (Dyner and
Larsen 2001), emerging issues related to the energy industry (e.g., widespread
deregulated electricity markets and industry, climate change and environmental
concerns, multiple stakeholders, and technological disruptions) require new capa-
bilities of modeling methods to fully capture the dynamics of energy systems.
These energy system modeling' challenges include modeling the existence of
uncertainties (e.g., fuel prices), time delays (e.g., power plant construction time
lags), nonlinear causal relationships (e.g., between changes in electricity price and
its industrial use), and interacting feedback loops (e.g., additional production ca-
pacity brings in more revenue for the firm, which, in turn, leads to increased
production capacity) in any energy system.

2.1.1 Uncertainties Abound

In general, widespread deregulation and privatization in the energy sector of the
economies has created opportunities as well as challenges for private investors
including independent power producers (IPPs). In the case of developing and
emerging nations including India, China, and Brazil, growing demand and con-
sumption of energy create imbalances providing further impetus for energy sector
investments (IEA 2012). However, the dynamics of the much desired stock of
“investments” in the energy sector are uncertain:

i. The nature and life of incentives and rules keep changing. Although the
learning aspects of these changes are desired, the resulting often costly, lengthy,
and uncertain litigations deter potential new investments in the energy sector of
the host country (e.g., Eberhard and Gratwick 2007).

ii. Technological disruptions can severely impact investments. Costly retrofitting
or installation of new technologies, say for monitoring and control of electricity
production related environmental emissions is becoming common and is highly
unpredictable.

iii. The availability and prices of fuels are rarely in smooth order. This creates
operational and financial difficulties for the energy projects.

!The basic premise of modeling a system is that we are able to identify the forces (i.e., components
or structures of a system) behind the problematic behavior of this system (e.g., the supply of
electricity lags or leads the demand). By controlling/managing the underlying structures of a
system, the problematic behavior can be improved.
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iv. Deregulation has expanded the nature and dimensions of stakeholders.
Compared with the almost monopolized status of regulated regimes, now
multiple stakeholders including competitors, regulators, traders, large institu-
tional investors, shareholders, local communities, end-users, and environment
lobbyists are involved in energy sector investments. Not only are they “many
more” but these stakeholders often come with conflicting objectives, making
energy policy decisions even more complex.

v. Perceptions of people change and sometimes in relatively short order. For
instance, after the Fukushima nuclear accident in Japan in 2011, Germany and
Switzerland decided relatively quickly to close their nuclear power plants (Larsen
and Arrango 2013). Granted that the unpredictability of such external events
is known, the ability of decision makers to conceive and explore such scenarios
can better prepare them to deal with such uncertainties (Wang et al. 2013).

2.1.2 Existence of Nonlinear Relationships Is a Reality

In energy systems, there exist nonlinear relationships between variables of the
system that can hardly be analyzed with traditional econometric methods and linear
programming techniques. For instance, when the price of electricity decreases, its
industrial usage can see some growth (as is shown in Fig. 2.1). However, after a
while, when even the price continues to fall, industrial usage of electricity will
saturate (e.g., because the production reaches its maximum capacity). Likewise, the
relationship between an operator’s overtime work and her productivity is nonlinear;
in the beginning, her productivity can increase (e.g., due to learning) but if she
continues to overwork for long then her productivity will fall or even complete
collapse, the burn-out phenomenon, can occur. Productivity gained by experienced
power plant operators rarely follows a proportional path: more experience leads to
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increased productivity but after some time productivity reaches a plateau. Such
nonlinear relationships abound in sociotechnical systems such as energy systems.
Therefore, the utility of policy-supporting analysis of an energy system but without
an explicit representation and modeling of its critical nonlinear relationships is
limited, at best.

2.1.3 Time Lags Can’t Be Ignored

Delays are inherent in energy systems. Consider the case of a new investor in, say a
gas-fired power plant. The major milestones of this new project, including approval
of the application, securing project funding, construction, testing, and commis-
sioning of the power plant, not only take time but often are characterized by delays.
In general, these delays are of two kinds: (i) material delays [e.g., delay in the
construction of power plants; e.g., on average it takes 3—4 years to build thermal
power plants and 6-10 years for nuclear and hydro (reservoir-based) power plants
(TAEA 1993)], and (ii) information delays (e.g., delay in the notice of approval of
the application and commissioning permit, etc.). These delays have severe impli-
cations not only for the power plant investors themselves (e.g., delayed operations
mean much delayed earnings leading to, say shareholders’ discomfort) but also for
the relevant energy planners and decision makers (e.g., the concerns of off-the-grid
industry and population). Therefore, the modeling method for energy policy should
have the capability to account for the potential dynamics of these inherent time lags
of energy systems.

2.1.4 Causation Not Correlation Informs Strategic
Decisions

Indeed energy policy decisions are strategic decisions: these decisions dictate the
nature of the future energy supply mix and influence the associated economics for
the region. It is the information about the causal nature of the relationships between
the variables of the energy systems that is useful for enacting an integrated energy
policy. For instance, energy policy makers are interested in knowing the influence
(s) of the various stocks of the energy system, such as how the stock of “electricity
capital” (i.e., various power plants) impacts electricity prices over time. Or which
electricity supply mix can provide affordable and cleaner electricity? What would
be the long-term impact of certain policy regulations and incentives? Therefore, the
candidate modeling method for energy policy should not only be able to represent
such causal relationships in the model but also provide information on the dynamics
of these influences.
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Fig. 2.2 A demand-supply
balancing feedback loop
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2.1.5 Energy Systems Are Essentially Feedback Systems

Increased economic activities lead to higher electricity demand. Higher electricity
demand requires new investments. New investments, after some delays, provide
more electricity to close the loop (i.e., either the demand is fulfilled or the cycle,
demand — investments — supply — demand, continues until the demand is fully
met). Such a cycle is essentially a feedback loop where three variables of an energy
system, demand, investments, and supply, are responsible for the resulting dynamic
behavior of this feedback loop (as is shown in Fig. 2.2).

There exist several such feedback loops in an energy system and they are interact
with each other to produce the dynamic behavior of the energy system (e.g.,
a particular trajectory of electricity prices, environmental emissions, the stock of
renewable technologies (e.g., windmills), sector-related employment, etc.), much
needed information for the decision makers to enact a systematic and integrated
energy policy. Traditional modeling approaches are hardly adequate for providing
such a feedback-oriented analysis of the energy systems to the energy policy
decision makers.

2.2 Summary

Overall, modeling and simulation have well served the energy domain for well
several decades.

The existence of nonlinear and uncertainty intensive variables, several inherent
time lags, and intertwined feedback loops in an energy system pose serious mod-
eling challenges. Now, the increasing liberalization and privatization, heightened
emphasis on environmental issues including global warming and climate change,
complexity of multidimensional and conflicting interests of stakeholders, and
unprecedented technological disruptions have only added to the complexity of the
task for energy policy decision makers across the globe. In the context of these
forceful developments, the traditional econometric methods and linear



12 2 Modeling and Simulation in Service of Energy Policy ...

programming methods alone are not adequate to deal with the complex dynamic
nature of energy policy issues. How do we deal with such complex systems?
System dynamics methodology (Forrester 1961) rises to this challenge. Chapter 3,
provides details on this promising assertion.
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Chapter 3
Meeting the Challenges: Energy Policy
Modeling with System Dynamics

The only way to find out what will happen when a complex
system is disturbed is to disturb the system, not merely to
observe it passively

—George Box

Given that energy systems are feedback systems, system dynamics methodology
appears to be a natural choice for the energy policy modeling community. In fact,
system dynamics methodology has long served the energy policy domain. Among
its strengths is that, it provides a powerful language to represent the causal rela-
tionship among the variables of an energy system. First, this chapter provides a
brief overview of how system dynamics has been applied to a variety of issues
related to the energy policy area. Second, to explain the fundamental structures of
energy systems, feedback loops, and the causal loop diagram (CLD) are introduced.
Procedures and rules on a feedback loop polarity are elaborated. The utility of a
CLD in the construction of a dynamic hypothesis of complex problems is also
discussed. As there is no feedback without the stocks and flows of a system, the
language of the stocks and flows is introduced as well.

3.1 System Dynamics and Energy Policy Modeling

The system dynamics (SD) approach (Forrester 1961) takes a feedback perspective
to describe and explain the dynamics (i.e., changes over time) of complex systems.
The fundamental premise of system dynamics is that the structure of a system
drives its dynamic behavior, the endogenous view (Sterman 2000). For instance,
fluctuations in the price of crude oil (behavior of the oil supply—demand system) are
due to internal factors (e.g., disruptions in oil production, delays in the trans-
portation of oil: internal structures of the oil supply—demand system). Thus, as per
the SD view, it is imperative that a better understanding and control of the (internal)
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structures of an energy system should lead to better (behaviors) outcomes
(e.g., adequate and affordable supply of electricity). Likewise, a utility company’s
loss of market share, according to an SD perspective, is due to internal (to the
company) factors (e.g., low level of investments and low innovation rate in cus-
tomer service sector, the stocks and flows of the system).

In fact, system dynamics models have been serving the energy policy domain for
more than five decades. For instance, in 1973, Fossil, a system dynamics model,
was developed in the United States for energy policy design, with the explicit focus
on all the sources of energy and energy demand (Naill 1973). Building on the
successes of Fossil, later on the IDEAS model was developed and was the official
Department of Energy’s energy planning model for the United States until 1995.
The energy demand; electricity generation; oil, gas, and coal production; renew-
ables; and environmental emissions were explicitly modeled in IDEAS (Amlin
2013). Ford’s work on the Pacific Northwest Hydroelectric System and electric
utility is a solid body of system dynamics modeling (for an excellent review of
Ford’s work and other electricity-related system dynamics modeling and applica-
tions, please see Ford 1996). Adding the climate change context to the existing
energy—economy interactions focused system dynamic models, FREE is a model
that tests the implications of climate change related feedback processes (Fiddaman
2002). Another well-known system dynamics model, ENERGY 2020, has been
actively used by regional and national governments to conduct energy and emission
related policy analysis in the United States and Canada (Amlin 2013).

In the early 1990s, increased deregulation and liberalization in the energy sector
of various countries introduced new uncertainties for energy planners and decision
makers, giving rise to an even higher demand for system dynamics models. System
dynamics models were applied to several energy policies and related issues. The
prominent system dynamics models for various energy policy related themes are
listed in Table 3.1. As expected, much of the modeling activity took place in the
context of regional and national energy policies, liberalization and privatization of
electricity systems, and environmental concerns.

In all of these system dynamics models, various stocks and flows structures are
the foundational elements. Instead of going through lists of these structures
(interested readers can access these models through the listed references), we are
focusing on some common key stocks and flows that in general are responsible for
the dynamic behavior of an electricity system. Figure 3.1 provides a macrolevel
view of these fundamental structures and the potential interactions among them.

In fact, in Fig. 3.1, there are several feedback loops in action. For instance, the
demand for electricity—based on regulation and incentives—will generate invest-
ments for production capital. The production capital, once fully operational,
with the availability of the required labor and resources (i.e., fuels) will produce the



3.1 System Dynamics and Energy Policy Modeling 15

Table 3.1 System dynamic energy policy models

Energy policy modeling themes

Sources

* Design and assessment of regional and
national energy and electricity policies

Naill (1973), Davidsen et al. (1990), Dyner
and Bunn (1997), Qudrat-Ullah and Davidsen
(2001), Pasaoglu and Or (2006), Park et al.
(2007), Dyner et al. (2009), Van Ackere and
Ochoa (2009), Bassi et al. (2013), Amlin
(2013), Aslani et al. (2014), Qudrat-Ullah
(2015)

* The effects of privatization of electricity
and firms’ investment behavior across
generation technologies

Bunn and Larsen (1992), Bunn et al. (1993),
Bunn and Larsen (1994, 1999), Dimitrovski
et al. (2007a)

* Energy efficiency analysis and management

Dyner et al. (1995), Qudrat-Ullah (2013)

* Electricity market design and responses

Vlahos (1998), Dyner (2001), Ochoa (2007),

Dyner et al. (2009), Arango and Larsen (2011)

Ford (2001), Olsina et al. (2006), Dimitrovski
et al. (2007b), Hasani and Hosseini (2011),
Qudrat-Ullah (2013)

Vogstad et al. (2002), Anand et al. (2005),
Fiddaman (2002), Jin et al. (2009), Ford et al.
(2007), Han and Hayashi (2008), Trappey

et al. (2012), Qudrat-Ullah (2005, 2014),
Feng et al. (2013), Saeed (2013)

These 37 publications are not meant as an exhaustive list of system dynamics work on energy policy
modeling but fairly representative work on various thematic areas. The interested reader can see a
comprehensive account of system dynamics modeling work in the energy domain at: http://www.
iip.kit.edu/downloads/1_Teufel_Review_of_Electricity_Models_with_System_Dynamics.pdf

» Generation capacity expansion

* Renewables and environmental emissions

necessary electricity to meet the demand, bringing a closure to this demand—in-
vestments—supply feedback loop. On the other hand, consider the electricity
intensity. The higher the electricity intensity, the higher the demand will be, which
in turn will further increase the intensity and the vicious cycle (i.e., a progrowth
feedback loop) continues. Another feedback loop counterbalances this growth loop:
with the increased conservation and efficiency (e.g., of the appliances), there will be
a relatively lower demand for electricity. Lower demand will lead to lower elec-
tricity intensity and this virtuous cycle will continue until the electricity system is
balanced; the demand and supply of electricity is matched subject to the socioe-
conomic and environmental constraints (please see Fig. 2.2, where there are several
feedback loops involving the stocks and flows of the environment and socioeco-
nomic sectors). These interacting feedback loops constitute a web of fundamental
structures, which are responsible for the generation of dynamic behavior of the
complex energy system.
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SOCIO-ECONOMIC
Population; Births; Deaths;
GDP; Regulations; Incentives;

Electricity Intensity; ROI;
Financing; Investments; Taxes;
R & D; Cost; Pricing; Efficiency;
Conservation; Stakeholders

SUPPLY (of Electricity)
Production Capital;
Depreciation; Delays; Plant
Life; Resources; Manpower;
Electricity Production
(Thermal & Renewable);
Infrastructure; Productivity

DEMAND (of Electricity)

Residential; Commercial
Industrial; Peak Demand;
Average Demand

ENVIRONMENTAL

CO, Emissions; CHG Emissions;
CO; Intensity; Carbon Capture
Standards and Regulations

Fig. 3.1 A feedback-oriented model of an electricity system

3.2 Modeling Causality in Systems Dynamics

Given that energy systems are feedback systems, to better understand an energy
system requires the appreciation and understanding of its structures and their
dynamics. As a first step towards our understanding of an energy system, therefore,
we need to describe it: what its key variables are and how they are related to each
other in feedback loops. System dynamics provides a powerful language to describe
the causal relationships among the variables of the feedback loops of a system.

Cause—effect relationships: Consider the two fundamental variables of any
energy system: demand and supply. In system dynamics, the cause—effect rela-
tionship, changes in demand of electricity cause changes in electricity supply (in the
same direction), is represented as (the positive sign at the head of the arrow means
that if the variable at the tail is increased, so will be the variable at the head; if the
variable at the tail is decreased, the variable at the head will also decrease) a
positive cause—effect relationship:
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Demand Supply
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On the other hand, the causal relationship between conservation and demand of
electricity, changes in conservation cause changes in demand for electricity (in the
opposite direction, an increase in conservation will cause a decrease in demand for
electricity) is represented by placing a negative sign at the head of the arrow
between the two variables, a negative cause—effect relationship:

Conservation Demand

changes changes

Time lags: There are several time delays (i.e., time lag between actions and their
consequences) among variables of an energy system. The cause—effect relationship
between demand and supply, as represented above, has a delay between both
variables. For instance, if the demand for electricity increases (e.g., due to increased
industrial activity), only after a substantial delay (e.g., due to the construction of
new power plants to meet this additional demand), the additional supply of elec-
tricity can be operationalized. There are two types of delay, information delay (e.g.,
it takes time to get approval from authorities before construction of a power plant
can begin) and material delay (e.g., time it takes to move fuel oil from a central
storage facility to the site of the power plant). Such delays are represented by
having a symbol || on the arrow that links the two variables, as

i -

Demand Supply

changes changes
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Fig. 3.2 A demand-supply
balancing feedback loop

=}

Demand B Investments

Supply

Feedback loops: As realized earlier, an energy system is essentially a feedback
system; it has several interconnected feedback loops. A feedback loop is a closed
sequence of various cause—effect relationships. For instance, Fig. 3.2 presents a
demand—investments—supply feedback loop: three cause—effect relationships
forming a closed sequence. Now if we begin with a change (increase or decrease) in
any of these three variables and trace the direction of this change around the loop,
we will come back to the same variable but with a change in an opposite direction.
For instance, an increased demand (positive direction of change) leads to increased
investments in the electricity generation technologies. In turn, increased invest-
ments, after a delay, cause an increase in the supply of electricity. The increased
supply then will close or reduce the gap between demand and supply or result in a
decreased demand of electricity; we started with increase in demand but closed the
loop with a decrease in demand. Likewise, if we start the loop with a decrease in the
demand of electricity, we will end up the loop with an increased demand of elec-
tricity: a decreased demand requires relatively decreased new investments; lower
investments will cause a decrease in the supply of electricity. The decreased supply
will widen or increase the gap between demand and supply or result in a relatively
increased demand for electricity. Such a feedback loop is called a negative or
balancing loop, B. In this balancing loop, there exist two delays, one between the
Investments and the Supply and the other between the Demand and the
Investments. These delays cause instability in the dynamic behavior of any feed-
back loop (Sterman 2000).

Figure 3.3 represents another kind of feedback loop, a positive or reinforcing
feedback loop, R. Here, say we start with an increase in the supply of
electricityElectricity by the producer, improving its profitability. The increased
profits will cause more investments, eventually improving its profitability even
more, a growth-propelling loop.
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Fig. 3.3 A profitability—supply reinforcing feedback loop
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Fig. 3.4 A CLD of a simple dynamic model

In system dynamics, if we combine Figs. 3.3 and 3.4, the resulting figure is
called a causal loop diagram, a diagram that visually represents the feedback loops
of a system (e.g., Fig. 3.4). Figure 3.4, a CLD, represents two feedback loops of a
system, one positive and the other negative. How do we know whether a feedback
loop is positive or negative? There is a simple, two-step visual counting method:
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Step 1: Look at all of causal links of a feedback loop
Step 2: Count the negative (—) signs

If the total number of negative signs is zero (i.e., all signs are positive) or even
Then the loop polarity is positive (i.e., the feedback loop is positive)
Else (i.e., if negative signs are odd, e.g., 1, 3, 5, etc.) the loop polarity is

negative (i.e., the feedback loop is negative)

When it comes to policy design, the involvement of stakeholders is a critical
step. CLDs provide a powerful technique to facilitate dialogue and build the con-
sensus on the key actors and processes of their energy system (Bassi et al. 2013). In
this initial phase of modeling, stakeholders’ participation (e.g., higher management)
can achieve better support and ownership by management (Vennix, 1996), a critical
factor in the successful implementation of the mode-based policy insights and
recommendations later on.

3.3 CLD as a Tool to Represent a Dynamic Hypothesis

Before building a formal model of stocks and flows of a system, a CLD represents
the conceptual model of the underlying system. In system dynamics, often such a
conceptual model is called a dynamic hypothesis. A dynamic hypothesis is a
statement about the structure of a system, often represented by a CLD, which is able
to generate the problematic behavior of the system (e.g., what causes the imbalance
between demand and supply of the electricity system of a region?). Consider
Fig. 3.5, a CLD, which represents a dynamic hypothesis: “an environment with
higher intensity of CO, emissions will be the long-term outcome of the (existing)
electricity policy of Pakistan” (Qudrat-Ullah 2014, p. 186).

As depicted in Fig. 3.5, the gap between supply and demand of electricity is
shortened by investments being made in electricity-generating technologies
(i.e., power plants). These investments will, after a delay, depending on the type of
power plant being constructed, result in the -electricity-generating capacity
(i.e., production capital). The capital together with resources will generate elec-
tricity. The storage capacity acts as a limiting factor for onsite resource availability.
Once the resource is available at the site, the power plant is ready to generate
electricity. Depending upon the type of fuel being consumed, the generation of
electricity, except for hydro-based production, will produce carbon emissions.

However, only when environmental restrictions are implemented in the alter-
native policy, the power plant that emits more CO, becomes costly due to the
environmental premiums charged. Similarly, if the resource being consumed is
imported then an import dependency premium is realized to the cost of the elec-
tricity being produced. The more expensive a technology becomes, the less it
receives of the share of investments. Also the resource availability impacts the
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Fig. 3.5 Dynamic hypothesis. Source Qudrat-Ullah (2014)

resource price that in turn makes that electricity-generating technology more
expensive. In addition to these factors, the standard cost elements including capital
cost, fuel cost, and operating cost associated with each of the electricity-generating
technologies impact their relative cheapness. Thus, the more expensive a technol-
ogy, the less is its share in the investments being made by the IPPs (independent
power producers). Not only the income alone, but also “how quick an income
stream is realized” might also influence the choice of IPPs’ investments. The price
of the electricity impacts the consumption pattern that is reflected in the electricity
intensity. The higher electricity intensity generates the higher demand for electricity
that invites the IPPs’ investments.

3.4 Energy System as a System of Interconnected
Feedback Loops of Stocks and Flows

We assert that all energy systems are a feedback system: a system of interconnected
feedback loops (e.g., as shown in Figs. 3.4 and 3.5). In each of these feedback
loops, the stocks (e.g., stocks of production capital, investments, fuel resources,
population, etc.) and flows (electricity consumption rate, power plant depreciation
rate, etc.) of the energy system are present and are primarily responsible for the
dynamic behavior of the energy system.
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As we have noticed, the CLDs are good at communicating about the cause—
effect relationships that exist in a system by explicitly portraying them in various
feedback loops. However, a CLD does not distinguish between what flows and
where it accumulates, a description of the physics of stocks and flows. In system
dynamics, specific conventions are used to represent the stocks and flows of a
system in an explicit manner. Section 3.5, provides the details and examples of the
representation of stocks and flows.

3.5 The Language: Representation of Stocks' and Flows

Consider Fig. 3.6, a stock and flow diagram, a partial model of an energy system
model. In this diagram, there are six distinct symbols that are described in Table 3.2.
This structure, in terms of system dynamics terminology, consists of one stock, two
flows, one auxiliary, and two constants. It describes the accumulation process of
electricity production capital. The production capital stock (represented by a rect-
angle, a Level) increases at a rate (represented by a valve, a Rate) determined by
(i) the capital under construction (an auxiliary variable represented by a circle), and
(i) the average construction delay (e.g., how long it will take to build a gas-fired
power plant), a constant represented by a diamond. On the other hand, this stock will
deplete at a depreciation rate (represented by a valve) which is determined by (i) the
existing electricity production capital stock, and (ii) the average life of the capital
(e.g., the average life of a nuclear power plant is 40 years), a constant represented by
a diamond. It is clear that electricity production capital stock” can increase only if the
net flow (i.e., outflow minus inflow) is positive (the inflow is greater than the
outflow) and vice versa (i.e., the stock will decrease if the net flow is negative).

As the stocks are the accumulation (or integration) of flows, a stock in a feedback
loop can only be preceded by a flow. To control a stock or a level (e.g., increase,
decrease, or maintain at a specific value), the flows act as the regulators or the
decision rules (e.g., what should be the rate of acquisition of the capital?). Should
we spend on the refurbishment of the plant to slow the depreciation of the pro-
duction capital? In the context of energy policy, these are our policy levers: point of
interventions (e.g., policy incentives will impact the investment rate that in turn can
increase the production capital). Thus, a stock and flow diagram presents a dynamic
view of the structural elements of the system whose behavior is of interest to the
policy decision makers.

"The terms stocks and flows are synonymous with levels and rates, which are commonly used
in the physical sciences.

ZPlease note that both the production capital stock and its flows (i.e., capital acquisition rate and
capital depreciation rate) are shown in the same color, which is blue in this case. This coloring
scheme highlights the fact that whatever material goes into a stock or accumulates (e.g., production
capital), the same kind of material outflows from the stock (i.e., apples in, apples out).
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Fig. 3.6 A stock and flow diagram of the accumulation process of production capital

Table 3.2 Nomenclature of a stock and flow diagram

Description

A rectangle: it represents a Level or a stock (in this case a stock of electricity
production capital; i.e., power plants)

A valve (s): a valve represents a Rate or a flow. In this diagram, there are two
valves. The attached arrow points to whether this flow is an in-flow (e.g.,
Rate_CapitalAcq is the capital acquisition rate) or out-flow (e.g.,
Rate_Depreciation is the capital depreciation rate) to the stock of electricity
production capital. It is worth noting that a stock can only be regulated or
controlled (e.g., to reach a particular amount through flows or any movement
of material or information of a stock depends on its flow(s); i.e., what goes in
and what goes out)
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A circle: a circle represents an auxiliary variable. An auxiliary variable (e.g.,
capital under construction) represents a quantity that is used in determining a
flow (e.g., Auxiliary_CapitalUnderConstruction is a quantity (of capital under
construction) that together with a constant, Contstant_AvgConstrcutionDelay,
determines a flow (i.e., capital acquisition rate)

A diamond: a diamond is used to represent a contact in the model (e.g.,
Constant_AvgLife is a constant that represents the average life of a power
plant)

A causal link: it shows the direction of influence of the quantity at the tail
towards the quantity at the head (i.e., arrow). For instance, the causal link from
the constant, Constant_AvgLife, to the flow, Rate_Depreciation, shows that
this constant has an influence on the flow (i.e., this quantity of this rate, in part,
depends on the value of this constant)

A cloud: the symbol of a cloud is used to represent a source or a sink (e.g., in
this diagram, we don’t model where the depreciated capital goes). Instead, we
assume that it goes to an infinite sink

DJQ O
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Fig. 3.7 A CLD of the accumulation process of production capital

Now, let us contrast this stock and flow diagram with a corresponding CLD, as
given in Fig. 3.7. Here, we can locate a balancing feedback loop, B, between a
stock variable, Electricity Production Capital, and a flow variable, Capital
Depreciation. Although there are other variables that are causally connected (e.g.,
Capital Under Construction, an auxiliary variable is connected to a flow variable,
Capital Acquisition, and there is a one-way interaction between a flow variable,
Capital Acquisition, and a stock variable, Electricity Production Capital) they are
not connected through any feedback loop. Therefore, one should note that there is
no feedback loop in any system without the existence and a two-way interaction
(direct or indirect) of at least one stock variable and one flow variable [for an
excellent resource on rules and examples of various stocks and flows, please read
Sterman’s pioneering work, Business Dynamics (Sterman 2000)].

Using the two diagramming tools of system dynamics, a CLD and a stock and
flow diagram, we can develop a causal view of the key structural elements (i.e.,
feedback loops involving stocks, flows, delays, auxiliary variables, and parameters)
of an energy system. However, for an energy policy design and assessment task, we
need to understand the dynamics of these structures (i.e., feedback loops). Towards
that understanding, the next chapter deals with the physics of stocks and flows.

3.6 Summary

Energy policy design and assessment are complex dynamic tasks. In essence,
energy systems are a network of various feedback loops. These interacting feedback
loops constitute a web of fundamental structures (e.g., stocks, flows, and delays)
responsible for the generation of dynamic behavior of the represented energy
system. In contrast to the traditional econometric and statistical methods, system
dynamics methodology provides a power language (i.e., CLDs and stocks and flows
(SAF) diagrams) to represent causality among the fundamental structures (i.e.,
feedback loops) of an energy system: a snapshot of the actors and resources of the
energy system and who influences what. To better understand the dynamics of these
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fundamental structures, the next chapter presents methods and techniques to see
how these structures contribute to the behavior (i.e., performance) of the energy
systems.
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Chapter 4
Understanding the Physics of Stocks
and Flows

I have found out what economics is; it is the science of
confusing stocks with flows
—Michael Kalecki

Human decision making and energy policy making have mostly been about
managing various stocks of often limited resources (e.g., capital, people, money,
technology). These stocks can only be managed by controlling their flows
(i.e., decision makers can influence these stocks by regulating flows). These stocks
and flows over time give rise to various dynamics of an energy system
(i.e., imbalance between demand and supply of electricity increases (or decreases),
renewable electricity generation capacity increases but with an unexpected rise in
electricity price). Therefore, we begin to unfold the physics of underlying stocks
and flows of various feedback loops of energy systems.

4.1 Physics of a Positive Feedback Loop:
A Growth-Propelling Behavior

Consider a generic positive feedback loop, R, (as shown in Fig. 4.1), consisting of a
single stock, Level_Any Stock, a single inflow, Rate_ Any Flow, and a constant,
Any_Constant. The physics of this basic positive feedback loop, the simplest
feedback system, is represented by the corresponding stock and flow diagram’
as shown in Fig. 4.1. Here, we have only one stock, denoted by L. This stock
accumulates its net flow rate (in this case, it is net inflow). The net inflow rate
depends on the state of L. Mathematically:

1
L, = Stock atany time, = Lo+ / (Net Inflow) dt,
0

"The “cloud” appearing in this stock and flow diagram could mean that we are not modeling the
source of flow (i.e., Rate_Any Flow).
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Rate_Any Flow
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Fig. 4.1 The representation of the physics of a positive feedback loop

where L is the value of initial stock.
It is clear that net inflow is proportional to the size of the stocks. We have:

Net Inflow = f(L)
Now for a linear system, net flow is directly proportional to the state of the stock:
dL/dt = c* L,

where the constant ¢ represents the fractional growth rate of the stock.
Using integral calculus, we can find the solution of this differential equation as

L, = Ly * e
This solution indicates that the stock will grow at an exponential growth rate

(as shown in Fig. 4.2). That is why we call a positive feedback loop,
a growth-propelling feedback system. Although we are able to find an analytical

Structure Behavior
(1) 8
L;=Ly*e" ", where L is > ‘%
the value of stock at time,
to and c represents the
fractional growth rate
Time

Fig. 4.2 Structure-behavior graph of a basic positive feedback loop
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Table 4.1 Powersim equations for the “Debt Accumulation Process”

Name Units Definitions/Equations

Level_Any Stock Million$ 40

Rate_Any Flow Million$/year ‘Level_Any Stock’ * Constant_Any
Constant_Any 1/year 0.05

solution to such simple feedback systems, this possibility becomes almost impos-
sible when the number of stocks and flows increases (and it does so in the case of
many real work systems including energy systems) or the relationship between
variables becomes more complex (than the simple linear as we considered in our
illustration). Therefore, simulation methods are used to understand the dynamics of
complex systems better.

Now, consider the example of the “debt accumulation process”, where a com-
pany borrows money at 5 % with an initial amount of US$40 million. The behavior
of this debt accumulation process is shown in Fig. 4.2. Table 4.1 lists the set of
equations for this basic feedback system that are written in Powersim ", a simu-
lation platform for system dynamics models.

4.2 Physics of a Negative Feedback Loop: A Goal-Seeking
Behavior

Whereas a positive feedback loop seeks an accelerating growth, a negative feedback
loop gives rise to a goal-seeking behavior in which the state of a stock variable is
driven to a particular value. Consider a generic negative feedback loop, B (as shown
in Fig. 4.3), consisting of a single stock, Level _Any Stock, L, a single outflow,
Rate_ Any Flow, and a constant, Any_Constant, d. The physics of this basic
negative feedback loop is represented by the corresponding stock and flow diagram

Constant_Any

B Level_Any Stock
Level_Any Rate_Any Flow
Stock

L

Rate_Any Flow

Constant-Any

Fig. 4.3 The representation of the physics of a negative feedback loop
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Structure 1 Behavior
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the value of stock at time,
to and d represents the

fractional decay rate

Fig. 4.4 Structure-behavior graph of a basic negative feedback loop

as shown in Fig. 4.3. Here, we have only one stock, denoted by L. The state of this
stock changes through its net inflow rate. Now for a linear system, net outflow is
directly proportional to the state of the stock:

Net Inflow = dL/dt = —Net Outflow = —d * L

where the constant, d, represents the fractional decay rate of the stock, L.
The solution of this differential equation is:

L = Ly*e™ ¥

This solution indicates that the stock will decay at an exponential rate (as shown in
Fig. 4.4). That is why we call a negative feedback loop, a goal-seeking feedback
system. In the absence of any stated goal, stock will decay to zero (as in this case).

Now, consider the example of a “capital depreciation process”, where initial
production capital is 100 MW and it depreciates at 5 % per year. The behavior of
this capital depreciation process is shown in Fig. 4.4. Table 4.2 lists the set of
equations for this basic feedback system that are written in Powersim.”

There are various stocks in an energy system that decision makers want to keep
at a specific level. For instance, fuel inventory needs to be maintained at a specific
level to avoid extra storage cost or production loss due to the shortage of fuel.
Therefore, we need to understand the dynamics of a negative feedback loop with
the stock, L, that has to be maintained at a specific level, L* (as shown in Fig. 4.5).
It takes time, Adjustment Time, ¢, to close this gap. The physics of this basic

ZPowersim™ is a trademark of Powersim Software Inc. (http:/www.powersim.com). It provides a
platform to create stock and flow based simulation models. There are several others who provide
the similar tools.


http://www.powersim.com
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Table 4.2 Powersim equations for the “Capital Depreciation Process”

Name Units Definitions/Equations

Level_Any Stock MW 100

Rate_Any Flow MW/year ‘Level_Any Stock’ * Constant_Any
Constant_Any 1/year 0.05

L*_Desired state
of the Stock

L_Desired State of

Gap Adj_time-t the Stock

Gap
Rate_Any Flow

Level_Any CQ = / D

Stock U
L_Any Stock

Any Flow

Adjustment Time

Fig. 4.5 Diagramming the physics of a negative feedback loop

negative feedback loop is represented by the corresponding stock and flow diagram
as shown in Fig. 4.5. Although the net inflow to the stock will vary according to the
size of the gap remaining, following Sterman’s pioneering work (Sterman 2000),
we assume it to be a constant equal to the average gap:

Net Inflow = Gap/t = (L« —L)/t

Depending on size of the existing stock and desired stock, there is a gap that a
negative feedback loop attempts to close. There can be two situations: (i) the
existing state of the stock, L, is lower than the desired state, L* or (ii) the existing
state of the stock, L, is higher than the desired state, L*. In both cases, the state of
the stock is driven exponentially to the desired state of the stock. Consider the case
of an oil-fired power plant company that needs to maintain a fuel inventory of 20
million tons. Figure 4.6 shows two exponential trajectories of the state of the stock
to reach the target level, 20 million tons: one from a higher, 35 million tons, initial
state of the stock, and the other from a lower, 5 million tons, initial state of the
stock.
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Fig. 4.6 Dynamics of a basic balancing feedback loop system

4.3 Dynamics of Material Delays and Information
Averaging Processes

Delays are pervasive in energy systems. For instance, it takes time to get approval
for the site, to build a power plant, to commission it, to train plant personnel, and to
build a waste disposal facility. These delays (or time lags) come in two forms:
material delay (e.g., physical materials have to move from the source, e.g., a
supplier’s site, to the destination, e.g., plant site); and information delay (e.g., it
takes time get approval of site, financing, and commissioning permit). Delays like
stocks decouple various inflows and outflows of any energy systems. In the fol-
lowing, we describe the structure and behavior of these delays so we may better
understand the dynamics of various feedback loops of energy systems.

4.3.1 Basic Dynamics of Material Delays in Energy Systems

Intuitively, it is clear that the structure of a delay must have a stock (where material
in transit is kept). For example, when IPPs invest in large power plants the average
delay between the time the construction of a power plant begins and the time when
this power plant becomes operational is 6 years and the average life of a
gas-powered plant is 40 years (Qudrat-Ullah 2015).

It must be noted that in a material delay the law of conservation of mass holds;
that is, all the output from the delay stock is equal to the input going into that delay
stock. In other words, nothing is created nor is destroyed while in transit from one
stock to the other. Consider a simple example of two stocks of gas-based power
plants: capital stock under construction (KUC), and capital stock, K, ready to
produce electricity.

KUC increases by the new investments (KI,) made by the IPPs and decreases
when the construction of the power plants is completed. The construction time, CT,
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Fig. 4.7 Stock and flow diagram of a material delay

is 6 years in this example. Please note that capital investments (KI) are made to
account for both the new demand and the depreciated production capital. As soon as
the power plants become ready they add to the capital (production) stock. Thus,
K increases by the capital acquisition rate (K,.,), an inflow to K, and decreases by
the capital depreciation rate (Kg.,), an outflow to K. The average life of power plant,
KT, is 40 years. Figure 4.7 represents a stock and flow diagram of this material
delay.

Figure 4.8 displays the specific dynamics of construction delays: 6 years versus
12 years. In this example, we assumed that the initial amount of the capital under
construction is 5000 MW electricity generation capacity (i.e., KUC = 5000 MW)
and no new investments are made (i.e., KI, = O MW/year). To understand the
dynamics of material delay better (i.e., delayed movement of material from one
stock, KUC, to the other, K), we have also switched off the outflow from K. Then,
depending upon how big or small the outflow, K, is, all the material in KUC is
shipped or emptied into the electricity production capital, K. When CT is 6 years
old, KUC empties at a faster rate as compared with the case when construction time
is assumed as 12 years. Likewise, the production capital, K, builds up from zero

Dynamics of a Material Delay

MW
5,000
4,000 +
3,000 + = KUC
Z =«
2,000 + — K
— *KUC
1,000 + =
e e & —
0 T T T 1
Jan 01, 2015 Jan 01, 2025 Jan 01, 2035 Jan 01, 2045 Jan 01, 2055
Years

Fig. 4.8 Dynamics of construction delays
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MW to 5000 MW capacity level at a faster (when CT = 6 years) or slower rate
(when CT = 12 years). Thus, we can see that (i) material delays create time lags in
changing the level of corresponding stocks, and (ii) material delays behave as
stocks (i.e., the material inputs are stored first, while in transit, before they are
released for final consumption), and (iii) material delays strictly follow the law of
conservation of mass.

The mathematical model of this delay process can be written as:

(0/d)KUC = —Kuer,
(0/d)K = Kaer—Kaer

Ke = KUC/CT,

Kier = K/KT,

HUC,—y = 5000 MW and K,—, = 0.

It is worth mentioning that we have demonstrated the dynamics of simple
first-order (i.e., it involved only one stock or mathematically speaking, it has a
first-order differential equation representation) material delay. However, delays can
be of higher order and with different dynamics associated with them. The interested
reader should consult the excellent treatment on delays by Richardson and Pugh III
(1981).

4.3.2 Structure and Behavior of Information Delays
of Energy Systems

In contrast to a material delay, the transmission of information is delayed but not
conserved. In fact, when the duration of a delay increases even substantially, the
material is conserved but, to the contrary, long delayed information often gets
forgotten. Therefore, we need a different structure to model an information delay.

Consider the situation where you want to acquire large capital equipment (e.g., a
nuclear power plant). Certainly, it would be a time-consuming activity. For
instance, it takes time to get regulatory approvals, shipment license, financing
approvals, and training of the required workforce. As a manager of a large utility
firm, you don’t want to commit resources to various sectors (e.g., workforce hiring
and training) without having better clarity around the various approval processes.
To deal with the uncertainty and irregularities of these processes, the decision
makers often resort to the averaging process. A common averaging process that
gives higher weight to the recent data is called “exponential smoothing” or
“adaptive expectation” (Sterman 2000). Notice that our expectations rarely change
instantaneously. Rather, once new information becomes available, our beliefs get
updated. Thus, the belief or perception adjustment is a gradual process and the
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Fig. 4.9 Feedback structure of an information delay

perceived value of input is a stock. Consider the example of perceived energy
intensity (PEI) as shown in Fig. 4.9.7

In this feedback structure of adaptive expectations, the PEI is a stock and the rate
of change in the perception of energy intensity (CPI,) is proportional to the gap
between the indicated or reported value of energy intensity IEIL, and the PEI with T
as time it takes for the adjustment in the perceptions or expectations.
Mathematically, we can write the process of this information delay as:

PEI = / [(IEI — PEI)/T]dt + PEI(z = 0)

In fact, this feedback structure of information delay represents a negative
feedback loop system that we have discussed in Sect. 4.2. Here, in Fig. 4.10, we can
see the behavior of this information delay. There are two scenarios, one with the
reported energy intensity (IndicatedEI) equal to 0.20 MWh/$ and the other showing
a step increase in the reported energy intensity where it is equal to 0.30 MWh/$. In
both cases, we can see that only after a considerable time lag, the perceptions (i.e.,
the perceived energy intensity) are adjusted to the reported values, a typical
behavior of a negative feedback loop.

3This diagram, which combines both a “stock and flow diagram” and a “casual loop diagram”, is
called a hybrid diagram. In these diagrams, one can not only see the casual feedback structure
(e.g., here we see a negative feedback loop) as with any casual loop diagram will do, but also with
an explicit representation of stocks and flows.
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Fig. 4.10 Dynamics of a simple first-order information delay

4.4 Dynamics of Nonlinearities of Energy Systems

A process is said to be a nonlinear process if the process outcome is not propor-
tional to the process input. In the context of energy systems planning and decision
making, there are several nonlinear processes that need to be carefully understood.
For instance, incentives for renewable energy (e.g., feed-in tariffs) are often grad-
uated. That is, when the electricity produced from renewables doubles, the incentive
payment rate increases but never exactly doubles. Likewise, when the demand of
energy increases, the additional capacity is added to the production systems, maybe
proportionally. However, once the new capacity is fully operational, it sets the limit
on how much (maximum) electricity could be produced regardless of the increase in
the demand for electricity, a nonlinear response.

In system dynamics models, a table function is used to incorporate such non-
linear processes, where the relationship between the two variables, the independent
and dependent, is specified as a table of values. For instance, Fig. 4.11 displays the
nonlinear response of a variable, Import Dependency Premium,” in response to the
input variable, Import Dependency and Table 4.3 specifies the values of these two
variables. When Import Dependency increases from 0 to 16 %, the response
variable, Import Dependency Premium, increases at a much faster rate (i.e., an
exponential growth rate). Then, when the import dependency increases from 16 to
82 % (approximately), the premium increases almost linearly, exhibiting a linear

“In our earlier wok (Qudrat-Ullah 2005), we identified this premium as implying that there is a
preference for the least import-dependent technology for electricity generation technology.
SDifferent system dynamics modeling platforms (e.g., Powersim™', Vensim™, iThink™,
Stella™) provide ways to incorporate this table function in a stock and flow based simulation
model.
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Fig. 4.11 Dynamics of a nonlinear relationship between import dependency premium and imports
dependency. Source Adopted from Qudrat-Ullah (2005)

Table 4.3 Specified values for the import dependency and the premium

Variables Values
Dependency (%) (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100)
Dependency premium ($/MWh) (0, 30, 40, 45, 50, 55, 60, 65, 70, 70, 70)

growth pattern. Finally, we can see the asymptotic behavior of the premium, again a
nonlinear response. Thus, the structure of a nonlinearity (e.g., as given in Table 4.3)
is responsible for a nonlinear behavior (e.g., as shown in Fig. 4.11).

4.5 Summary

To understand the physics of the stocks and flows of energy systems, it is critical to
develop an appreciation and a thorough understanding of the underlying structures
including various feedback loops, time delays, uncertainties, and nonlinearities.
Essentially, these structures are responsible for the dynamic behavior of energy
systems that the energy policy makers are interested to monitor, control, and
manage. If the relationship between any two variables of energy systems are linear
than we have great mathematical models and tools to understand their behavior.
However, most of the energy policy related issues and tasks are highly complex,
nonlinear, and dynamic. To understand their behavior we need to identify the nature
of the feedback structures, create mathematical models (i.e., equations to represent
various stocks and flows, time delays, and nonlinear functions), and simulate them.
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Therefore, an understanding of the physics of these underlying structures is hoped
to help the energy planners and decision makers to manage the available, but
limited energy resources better. To further elaborate on the physics of stocks and
flows, in the next chapter we present the modeling process for some key energy
system processes.
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Chapter 5
On the Modeling of Key Structural
Process of Energy Systems

Everything must be taken into account. If the fact will not fit the
theory—Ilet the theory go
—Agatha Cristie

Armed with the fundamental understanding of feedback loop structures from the
material of Chap. 4, now we turn our attention to models and explain the dynamics
of various accumulation and structural processes (i.e., stocks, flows, time delays,
and nonlinearities) that are common to most of the energy systems planning and
decision-making situations. We achieve such understanding with the help of stock
and flow representations, structural representations and mathematical formulations,
and behavioral outputs of various fundamental processes of energy systems
including energy demand, policy incentives and interfuel substitution mechanisms,
manpower recruitment and training, energy production, and environmental emis-
sions and CO, tax.

5.1 Stocks and Flows of Energy Demand Process

There are various ways that the modeling community has incorporated the energy
demand process in their models. However, when it comes to energy policy mod-
eling, system dynamics models have modeled the energy demand process often
endogenously. A common feedback structure with endogenous energy demand is
shown in Fig. 5.1.

In the feedback structure of energy demand shown in Fig. 5.1, the GDP (gross
domestic product of a nation) is assumed to be exogenous. Often, the GDP’s
historical trend is modeled in system dynamics and other modeling methodologies.
In this model of energy demand, the average energy intensity (El,,,) is captured as
an exponential smoothing of the short-term indicated energy intensity (El;) over a
period (Tp). This exponential smoothing process is an example of an information
averaging process, that is, an information delay. Mathematically, it can be written as

© The Author(s) 2016 39
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Fig. 5.1 Stock and flow diagram of energy demand process

Ref Enrgy Price

Effect Price Demand

Energy Demand = El,,, * GDP
(d/dt)EIavg - (EIsti . EIavg)/Tstipy
Elavg (tO) = EIsti(tO)

The reference energy intensity and the effect of energy price on electricity intensity
determine the indicated energy intensity. The reference energy intensity represents
the case-specific base year value. The effect of energy price on energy intensity is
dependent upon three factors:

e The effect of energy price on demand
e The average energy price
e The reference electricity price.

If the price of energy decreases (relative to the reference energy price), the
energy intensity exhibits a growth pattern. Conversely, energy consumption
declines when the price rises. Contrary to this endogenous approach for modeling
energy demand, some researchers have treated energy demand as an exogenous
input to their dynamic model (e.g., please see Ford 1996 and Saeed 2013).
Depending upon the purpose and focus of the dynamic model, one could decide on
the appropriate modeling approach for energy demand.

As an example, Fig. 5.2 displays the dynamics of the key accumulation process,
a stock, Electricity Intensity. This example is based on our earlier work in this
stream (Qudrat-Ullah 2014). Here, the reference electricity intensity represents our
case-specific base year (2000) value. The year 2000 was chosen because Ontario’s
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Fig. 5.2 Dynamics of electricity intensity and electricity demand

Environmental Labeling Program began in 2000 (OEB 2002). The effect of elec-
tricity price on electricity intensity depends on (i) the effect of electricity price on
demand, (ii) the average electricity price, and (iii) the reference electricity price and
is modeled as

Effect of ElectrlCIty Price on EI = e (Effect Of Elec Price On Demand) * Ln(Avg Price Of Elec/Ref Elec Price)

The effect of price on demand is a parameter whose value is based on long-term
Ontario experience and is estimated by our model as “0.41” (we input the reference
data in the model and estimated this parameter. With this value, our model was able
to reproduce both electricity demand and price data for Ontario for the period 2000—
2012). The reference electricity price is an extrapolation of actual prices from 2000
to 2012, and the average electricity price is computed endogenously in the model. If
the price of electricity decreases relative to the reference electricity price, the
electricity intensity exhibits a growth pattern. Conversely, the electricity con-
sumption declines when the price rises.
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5.2 Modeling of Interfuel Substitution Process and Policy
Incentives

The interfuel substitution mechanism whereby a fuel source is substituted by
another competitive fuel (e.g., substitution of fossil fuels by renewables) is an issue
of substantial interest to the energy policy decision makers (Qudrat-Ullah 2005;
Abada et al. 2013). In general, IPPs are interested in investing in those
electricity-generating technologies that provide them with a quick and higher rate of
return. In their decisions to invest in a particular technology, the policy incentives
offered by the host agency or organization or nation play a key role. Moxnes (1990)
introduced a structure that includes various cost elements related to each competing
technology and assigns the respective share of investment to each technology with
preference for the least-cost technology. For instance, consider the case where, in
addition to the standard cost elements, the investment incentive premium (IIP), the
import dependency premium (IDP), and the environment premium (ENP) for each
technology are also to be considered. The standard cost elements include capital
costs (CC), operating costs (OC), and fuel costs (FC). Once the total cost for each
technology (TC) is determined, we apply a multinomial logit (MNL) model
to obtain the share for each technology (ST). Building on Moxnes (1990) model,
we can have a mathematical model as

TC; = CC;+ OC;+ FC;+ IIP; + IDP; + ENP;,
ST; = exp(—a x TC;)/Zexp(—a x TC;),

where i = technology 1, technology 2, technology 3,... technology n.

The MNL has only one parameter a (distribution parameter). When o takes an
extreme value, then the aggregate choice of the whole sector (all the IPPs) for a
technology mimics the choice of an individual IPP. The lower values of a represent
greater variation among the individual choices and the aggregate choice. When the
total costs of all the technologies are equal, the market share is split into equal
shares.

To understand the dynamics of the interfuel substitution process, we present a
case from our earlier work (Qudrat-Ullah 2005), where in addition to the standard
cost elements, an environment premium incentive is modeled. Four technologies,
coal, hydro, oil, and gas-based power plants are competing against each other in this
substitution process. Figure 5.3 displays the feedback structure responsible for
generating the share of each technology (Fig. 5.5) based on costs and policy
incentives.

As the investments are made for electricity production capital, after the related
construction and approval delays, new production capital becomes available. In
system dynamics modeling, it is common to use a two-vintage structure to portray
the aging process of installed capacity (Moxnes 1990; Qudrat-Ullah 2013).
Figure 5.4 presents this aging process in a stock and flow diagram. The power
producers’ investment in each of the electricity-generating capitals (EC) are
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Fig. 5.4 A two-vintage structure of production capital. Source Qudrat-Ullah (2013)

represented as an adjustment of indicated investments in electricity-generating
capital (IEC) over the adjustment period (Tad;). The indicated investments are
determined by the total demand of electricity-generating capital (TEC), unit capital
cost (UCEC), and the share (SEC) of each of the competing technologies.
Mathematically, the production capital accumulation process is represented as

d(EC;)/dr = ((IEC; — EC;)/Tad;), ECi(ty) = IEC;(1o),

where i = thermal, hydro, others, nuclear.

Here, due to the imposition of CO, control, the future investments are made in
the hydro power plants (Table 5.1; Fig. 5.5). The cost of electricity is relatively
increased (due to CO, tax and the capital-intensive technology substitution); rela-
tively less generation capacity (hydro power plants) is added after the construction
delay that eventually causes the loss in the demand for electricity.

Table 5.1 and Fig. 5.5 show a drastic shift in the capacity mix. There is a
decrease of 59, 63, and 69 % in the cumulative capacity of coal-based, oil-based,
and gas-based power plants, respectively. On the other hand, the hydro-based
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Table 5.1 Substitution process (reference scenario vs. environment scenario)

Scenario Coal-based | Hydro-based | OQil-based | Gas-based
Reference scenario (GW) 0.0644 18.34 0.755 25.18
Environment-oriented scenario 0.0263 33.12 0.278 7.83
(GW)

Percent change -59 +81 —63 —69

Source Qudrat-Ullah (2005)
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Fig. 5.5 Dynamics of the substitution process: reference (/) versus environment (2) scenario.
Source Qudrat-Ullah (2005)

production capacity experiences a significant increase of 81 %, so as to gain a
market share of 80 %.

Although our model, as elaborated above, of the substitution process and policy
incentive included only four technologies, the procedure is general enough to
include any number of electricity-generating technologies in the model. Therefore,
by understanding these long-term dynamics of interfuel substitution process and
various policy incentives, both the energy policy evaluators and designers can
improve their decision making regarding the management of limited energy
resources: the crux of any effective energy policy.
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5.3 Stocks and Flows of the Manpower Recruitment
and Training Processes

Much like any industry, trained manpower planning plays a fundamental role in the
successful operations of any type of power plant (e.g., coal, oil, hydro, nuclear, and
the alternate fuel-based power plants). Both the timely recruitment and the effective
training of newly hired personnel are the two key business processes for any
organization. Both of these processes involve time lags: it takes time to hire and
train people.

To understand better the physics of the stocks and flows involved in manpower
planning of a power plant, we need to identify the underlying feedback structures.
Figure 5.6 shows a two-level manpower structure: Level 1 (L1) represents the stock
of newly hired personnel, and Level 2 (L2) is the stock (pool) of trained people.

Training-time_TT
Recruitment-time_RT

<>——\'\ Levell_L1 O Level2_L2
& Szl )
Training_TR @ @

Level1-||Attrition_L1R

Recruitment_RR

Target_Level1_TL1
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Fig. 5.6 Structure—behavior diagram of power plant’s manpower
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The recruitment rate (RR), depending upon the need (GAP = TL1 (target for
level 1) — L1) and the time it takes for the recruitment process (RT), flows into L1
and the attrition rate (L1R) and the training rate (TR) are the outflows of L1.
The stock of trained people (e.g., nuclear power plant operators), L2, is fed by
the training rate. The training rate (TR) depends on (i) available trainees, (ii) the
stock L1, (iii) the training time TT, and (iv) the target level of trained personnel
(i.e., how many trained personnel do we need?). The only outflow from L2 is the
attrition rate, L2R. This level of disaggregation of manpower process is for the
purpose of simplicity. Otherwise, one can add as many levels of disaggregation as
the purpose of the model suggests. Also, note that here we have modeled a “pull”
mechanism: personnel are hired and trained as per the requirements of the project.
However, if the situation warrants a “push” mechanism, a similar structure can be
developed. The mathematical model of these accumulations processes is given as:

L1(7) = /[RR(s) — LIT(s) — LIR(s)]ds + L1(zo)

fo
t

L2(1) = / [LIT(s) — LIR(s)|ds + L2(1)

fo

For this example of a manpower process for a power plant, we have assumed
that:

TL1 = 100 people.
RR = 20 people/year.
LIR = 0.1/year.

TL2 = 200.

TR = 15 people/year.
L2R = 0.1 /year.

By simulating this model, we can see the structure-behavior diagram' in Fig. 5.6.
The level of trained people, L2, reaches the desired level of 200 people relatively
faster than the level of newly recruited people reaches its desired level of 100
people. This difference is due to the fact that the net flow of L2 is higher than the net
flow of L1, confirming yet again that it is the net flow that determines the state of
any stock, a key principle of the physics of stocks and flows. Using this simple
manpower planning structure, decision makers can monitor and control the level of
their workforce in their organization. This model is equally applicable for the
effective management of personnel across all the divisions of any energy system
(e.g., mining, transportation, generation, transmission, and distribution). Likewise,
if the purpose of the modeling activity is to delve into the process of manpower

'A structure-behavior diagram is a tool that links a stock and flow diagram of any process with its
(simulated) behavior or output or performance.



5.3 Stocks and Flows of the Manpower Recruitment and Training Processes 47

attrition (i.e., understanding the effects of policy incentives/rewards, rules, norms,
and culture), the system dynamics modeling approach is flexible enough to model
such details.

5.4 Dynamics of Energy Production Process: Energy
Supply System

To meet the energy demand of an economy, governments make substantial
investments in both the production capital (e.g., power plants, machines, equip-
ment, and technologies) and fuel resources (e.g., fossil and alternate fuels). In fact,
energy supply mix is a critical issue of modern times. For example, what the
optimal (based on varying criteria) electricity supply mix is for any nation or region
is an ongoing policy issue across the globe. In the case of fossil fuel-fired power
plants (i.e., oil, gas, and coal-fired power plants), still the dominant source of
electricity supply in the world, onsite availability of fuel resources is critical. In the
case of imports, the availability of fuel becomes even more uncertain and further
complicates the design of sustainable energy policies.

Given that we have enough fuel resources available at the electricity production
facility, the physics of stocks and flows of an electricity production process can be
seen in Fig. 5.7. In this model, the electricity production depends on two factors:
onsite availability of fuel resource, and available production capacity, subject to the
constraints of capacity utilization. The capacity utilization of each of the power
plants is a function of the ratio between the demand for electricity and the capacity
to produce electricity. If this demand/supply ratio exceeds unity, then the capacity
utilization function allows the power plant to run at 100 % capacity. But when this
ratio drops below unity, the capacity utilization is reduced in proportion to demand.
Production of electricity depletes the resource stock, so does the depreciation rate to
the stock of production capacity. Mathematically, the electricity production process
can be represented as

Electricity Production Rate = Electricity Production Capacity
* Capacity Utilization,
Electricity Production Capacity = MIN(Fuel Potential, Capital Potential )

where Fuel Potential = flResource, Resource Efficiency), and Capital Potential =
f(Production Capital, Capital Productivity).

The structure—behavior diagram (i.e., Figure 5.6) is an actual result extracted
from our recent study that analyzed the evolution of the electricity supply mix of
Ontario, Canada (Qudrat-Ullah 2014). Although this result shows electricity
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production from only four competing technologies, the structure of stocks and flows

is quite generic and can accommodate any reasonable number of generation
technologies.”

>The only limitation is the capability of the modeling packages/platforms in terms of their
available dimensions one can use for any variable.
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5.5 Stocks and Flows of Environmental Emissions
and CO, Tax

The threats of environmental emissions (e.g., CO, SO,, NO,) and consequently
global warming enter directly or indirectly in all energy policy decisions, be it in a
public or private domain. The complexity of the issue has long attracted the
attention of the system dynamics community. In fact, several researchers have
implemented stock and flow based models (i.e., system dynamics models) to assess
environmental effects of CO, emissions in energy systems (Feng et al. 2013;
Trappey et al. 2012; Anand et al. 2005; Jin et al. 2009; Han and Hayashi 2008;
Qudrat-Ullah 2013, 2014, 2015). If we want to control emissions, we need to
understand the dynamics of various stocks and flows involved in the environmental
emissions process. Again, to illustrate the physics of the relevant stocks and flows,
we present a simplified, submodel of an actual model (Qudrat-Ullah 2005).

Figure 5.8 represents the substructure of the model that determines (endoge-
nously) CO, tax and the realized environment premium for each of the generating
technologies including the relevant feedback loops with their polarities (i.e., both
the positive and negative feedback loops). Figure 5.9 presents the key structural
elements, stocks and flows, of this system. The CO, tax is the amount of money
spent (on account of abatement of CO, emissions) per unit of electricity produced.
Except for hydro-based generation the electricity production causes CO, emissions.
The target level of accumulated CO, emissions sets the amount of emissions to be
treated (mitigated). The clean-up cost (CO, mitigation cost) determines the desired
amount of investments for mitigating the set amount of emissions. The desired
investments, together with the safety margin (for the mitigation program this is the
time to spend taxes) determines the indicated level of tax income. The time to adjust
the desired tax income, a little margin based on past spending, and the indicated tax
income constitute the desired tax income.

The accumulated tax income specifies the spending limit (for the clean-up
operating costs). The higher desired investments, the higher are the clean-up
operating costs. The more spending (the clean-up operating costs) on treatment of
the emission, the more is the CO, clean-up rate. Some of the CO, emissions escape
beyond the national boundary over a period of time. Only the emissions accumu-
lated within the national boundary are the target of the mitigation program. The
clean-up costs will be incurred only by the remaining stock of electricity (this stock
is represented for accounting purposes only) that causes the accumulation of CO,
within the national boundary. Therefore, this amount of electricity, untreated for
CO, emissions, is used to calculate the unit clean-up costs.

As the objective of this model was to evaluate the impact of the implementation
of the CO, tax, Fig. 5.10 presents the comparative evolution of CO, emissions
under both regimes: without CO, tax and with CO, tax. In this example, we can see
that in the environment-oriented scenario total emissions of CO, were restricted to
no more than 20.2 million tons/year after 2000.
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Fig. 5.8 A CLD of CO, emissions and CO, tax

Prior to the implementation of the environment-oriented policy mix, thermal
capacity is steadily substituted being the least-expensive technology. Consequently,
CO, emissions experience a linearly increasing accumulation in the environment.
With a relatively small magnitude of 20.26 million tons (CO,) in 1990, CO,
emissions attain the largest increase of 250 % (compared to the 1990 levels) rather
quickly in 2000 (Table 5.2). At this time, CO, emissions control policy is invoked.
The imposition of control reduces the CO, emissions through the process of sub-
stitution for the least (or none) emitting electricity-generating technology as well as
by improving (5 % in this scenario) the efficiency of power plants. Also, the CO,
tax income (generated based on CO, emission levels and the corresponding miti-
gation costs) is spent over a period of time to treat the accumulated CO, emissions.
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Fig. 5.9 A stock and flow diagram of CO, emissions and CO, tax

These control measures result in the reduced levels of CO, emissions. Eventually,
we see that CO, emissions are under the binding constraint (a decrease of 2 %
compared to the limiting value of 20.2 million tons/year) in 2009. After 2009, CO,
emissions remain under the environmental constraint except for the last couple of
years of the remaining time horizon. The delays involved in both tax spending and
CO, emissions mitigation-capacity building cause a little increase in the level of
CO, emissions for the later years of the time horizon (please see Table 5.2).

The thermal electricity generation produces CO, emissions. Based on the amount
of emitted CO,, the mitigation costs are realized for each of the technologies.
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Table 5.2 Comparison of CO, emissions (with vs. without CO, tax regime)
Year CO; emissions (million tons/year) % change (compared to base case level)
Base scenario Environment scenario
2000 70.98 70.98 0
2005 108.54 62.04 —43
2010 147.18 17.01 —88
2015 185.19 16.69 -91
2020 224.72 16.08 -93
2025 269.36 16.41 -94
2030 322.28 40.56 —87

Source Qudrat-Ullah (2005)

These mitigation costs form the basis for the CO; tax in our model and are shown in
Fig. 5.11. Beginning in 2001 at 0.05 ($/MWh), CO, tax attains the maximum value
of 0.22 in 2008. However, under the influence of the environment-oriented policy
mix, the least-emitting technologies are preferred, leading to a substitution. But this
substitution process remains active as long as the substitution is economically
feasible. Consequently, the CO, tax stabilizes at a value of 0.22 $/MWh for the rest
of the time horizon.

Although in this example we have elaborated on the physics of key stocks and
flows related only to one type of emission, that is, CO, emissions, the structure
presented here (i.e., Figs. 5.7 and 5.8) is generic enough to include other emissions
(e.g., SO,, NO,, etc.) as well. By observing the evolution of CO, emissions under
both the regimes (i.e., with CO, tax and without CO, tax), energy policy analysts,
decision makers, and planners can experiment with various tax schemes to find the
one with which they are comfortable. Thus, utilizing stocks and flows based
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Fig. 5.11 Evolution of CO, tax under the environment-oriented scenario

modeling and analysis, one can benefit from the transparent nature of the
methodology, allowing the users to “see” the structure that creates the dynamic
“behavior” of the modeled process of the energy systems.

5.6 Understanding the Physics of Other Energy Systems
Related Processes

Energy policy issues are diverse at best. We have elaborated on the physics of stocks
and flows and the associated feedback structures of six critical and the most common
processes of energy policy domain: energy demand, policy incentives and interfuel
substitution mechanisms, production capacity, manpower recruitment and training,
energy production, and environmental emissions and CO, tax, in Sects. 5.1-5.5
above. For the understanding of the physics of other energy systems related
processes (e.g., resource, transportation, financial, regulatory, etc.), Table 3.1
provides a comprehensive list of studies that contain actual system dynamics models
that embody such related structural processes. The interested reader can explore the
developed system dynamics models of the respective thematic area.

5.7 Stocks and Flows Based View Is All About
the Integration

By now, when we have introduced and discussed various energy system processes,
it has become clear that: (i) energy system processes are a web of various feedback
loop structures (e.g., see Figs. 5.10 and 5.11), and (ii) these interacting feedback
loops generate the outcome or behavior of the process.

Therefore, when our objective, say is “to design a sustainable energy policy for a
nation, region, or a country,” we are essentially looking into a systematic and
integrative process to design a system of interacting parts (Fig. 5.12) whereby:
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(1) the objectives (issues) are well defined;

(i) causal relationship with in and across various levels of

(iii) the physics of the system (i.e., the movement of

(iv)

(v

~
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Fig. 5.12 The virtuous feedback loop (any feedback loop that is favorable to the goal or objective
of the systems is called a virtuous feedback loop) between understanding and decisions

Figure 5.12 provides an overview of the stock and flow perspective; it
encourages a learning-action orientation towards the understanding of complex,
dynamic energy policy issues: it allows the decision makers to embrace an
improved decision-making approach by understanding the physics of underlying
feedback loop structures. Thus, the key thrust of the stock and flow perspective to
address complex dynamic issues of the energy policy domain is that:

(1)

(ii)
(iii)

The sum of parts is not equal to the whole (e.g., having two power plants with
the capacity of 300 MW each does not mean that 600 MW capacity will be
operational and all the time!).

“Seeing the feedback” is necessary but making a habit of using it in decisions
will be of real help.

It is the interacting feedback loops that run the show (i.e., they generate the
behavior, good or bad); it is an absolute necessity (for the decision makers in
energy policy domain) to see the big (holistic) picture.
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5.8 Summary

In this chapter, we set the objective of understanding the physics of stocks and
flows (i.e., the interaction of feedback loop structures) of some fundamental pro-
cesses of energy systems including energy demand, policy incentives and interfuel
substitution mechanisms, manpower recruitment and training, energy production,
and environmental emissions and CO, tax. We attempted to achieve our objective
by making use of various tools and techniques of system dynamic modeling: causal
loop diagrams, stock and flow diagrams, mathematical formulations, simulated
outputs of some actual submodels of existing system dynamics models, and
structure-behavior diagrams. In particular, we illustrated the core principle of
system dynamics; structure drives its behavior, with the help of several actual
examples (where data come from real, published case studies). With such an
understanding of feedback loop structures and structure-behavior relationships
about the various energy systems processes, the energy policy decision makers are
expected to develop insights and make better decisions. In the next chapter, we
showcase some examples of successful development and applications of stock and
flow based (i.e., system dynamics) models: the physics of stocks and flows of
energy systems in action.
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Chapter 6
Physics of Stocks and Flows in Action

Experience is the past tense of experiment
—Gregory Alan Elliot

As we have presented earlier in Chap. 2 of this brief book (please see Table 2.1),
a fairly large number of energy policy models have been developed by using the
system dynamics approach over a period of about five decades (Qudrat-Ullah
2015). Here, in this chapter, our objective is to present a snapshot view of some
selected models' to see how these stocks and flows based models have contributed
to the better understanding of various energy policy related issues. Specifically, we
describe: (i) the context and objective (i.e., who and why a model was developed),
(i1) a brief overview of model structure (i.e., identification of its key structural
elements), (iii) the validity of the model (i.e., how the validation, if any, of the
model was conducted), and (iv) key insights and major policy implications.

6.1 Model 1: Green Power in Ontario (Source:
Qudrat-Ullah 2014)

6.1.1 Context and Objective of Model (i.e., Model 1)
Development

Here is the context and the objective of development of Model 1:

Since 2005, the situation of electricity supply in Ontario, Canada’s largest province by both
population and electricity generation, has changed. The Ontario Power Authority (OPA) was
given the mandate to ensure reliable, sustainable and cost-effective supply system to avoid
any shortage of electricity in Ontario. In 2007, OPA prepared a long-term plan, Integrated
Power System Plan (IPSP). In 2009, government enacted Green Energy Act that resulted

in numerous “demand side management developments”, “conservation initiatives”, and
“renewable energy projects”. Consequently, in 2013, Ontario has “surplus” generation

'All these models are published in peer review outlets and are publicly available.
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capacity (OPA 2013; CleanAA 2012). Now with excess generation capacity regime,
Ontario’s electricity sector presents several challenges as well emerging opportunities.

The key dilemma in Ontario’s electricity system is that although it has excess supply, its
effect on electricity rates are in opposite direction—consumers are continuing to pay higher
electricity rates. At the outset, one could argue that for relatively more green power, you
have to pay higher prices. But in reality, there is limit to even much needed “belt tight-
ening”—consumers are willing to pay only so much and for so long. In fact, a recent study
has shown an increasing decline in the support of regulated renewable energy initiatives in
Ontario (Stokes 2013). Others argue that issue is with Ontario’s electricity supply mix: with
a more balanced supply mix with system-wide considerations of socio-economic and en-
vironmental effects, similar green power share could be sustained at better competitive
prices (Stokes 2013; Ross 2013).

The problem of aging infrastructure of electricity sector coupled with uncertain fuel prices,
and unpredictable cost and performance of relatively new demand side initiatives adds
complexity of Ontario’s electricity system. Therefore, the challenge is not only to avoid the
possibility of any potential imbalances in electricity sector of Ontario, but also create and
maintain a balanced and cost-effective supply mix that fully accounts for the dynamics
associated with socio-technical, economic, environmental factors.

On the other hand, with no fear of potential electricity-shortage related blackouts at hand,
Ontario’s electricity sector planers and decision makers can avail the opportunity to assess
the Ontario’s current electricity supply mix and design and craft an alternate balanced and
sustainable (i.e., within the constraints of socio-technical, economic, and environmental
factors) supply mix. The objective of this study, therefore, is to contribute in this area by
(i) offering a review of the dynamics of electricity sector, and (ii) providing an integrated,
system-wide, simultaneously accounting for both the supply and demand side’s key factors,
analyze the dynamics of Ontario’s electricity system. We will achieve this objective by
investigating: Within the constraints of socio-technical, economic and environmental
concerns what would be the best combination of electricity supply mix and demand
side initiatives to achieve sustainable electricity (Green Power) in Ontario?
(Qudrat-Ullah 2014).

6.1.2 Overview of Model 1 Structure

Figure 6.1 presents an overview of key sectorial interactions (i.e., the key feedback
loop structures) of the dynamic model. We can trace around this diagram to find
that this model focuses on Ontario’s supply-mix and demand-side initiatives and
their interactions with pricing, profitability, investments, and electricity production
sectors of the electricity system. Both positive and negative feedback loops are
present with the explicit representation of a construction delay (T;) for each tech-
nology. The interaction of these feedback loops will create the behavior to be
analyzed for aiding decision makers to gain insights and make better decisions.
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6.1.3 Validity Testing of Model 1

Before any model is put to its use, it is imperative that it is valid (i.e., it has passed
the relevant validity tests). System dynamics models are causal models (Forrester
1961; Barlas 1989; Sterman 2000). They are well suited for policy analysis and
assessment rather than the point prediction of the variables under study. In fact, in
system dynamics, the validation is the process of building confidence in the use-
fulness of a model (Forrester 1961; Sterman 2000; Qudrat-Ullah and BaekSeo
2010). Both the structural and behavior validity procedures are applied to system
dynamics models. Although structural validity ascertains that model structures
generate the right behavior, behavior validity assesses how well the
model-generated behavior mimics the observed patterns of the real system (Barlas
1989). Our model, Model 1, was successfully evaluated against all these procedures
(for details, please see Qudrat-Ullah and BaekSeo 2010 and Qudrat-Ullah 2014).

6.1.4 Key Insights and Energy Policy Implications

The validated model, Model 1, was applied to evaluate three scenarios
(Qudrat-Ullah 2014):

(1) Status Quo Scenario (SQS) serves as the reference scenario. It is based on
Ontario’s economic data and conditions.
(ii) Renewables-Focused Scenario (RFS) simulates what would happen if there is
a larger support for renewables in the electricity supply mix of Ontario.
(iii) Low-Carbon Economy Scenario (LES) focuses on electricity generation from
the technologies with the least CO, emissions.

Based on the results of Model 1, several important implications regarding the
dynamics of Ontario’s electricity system are drawn:

e With “excess capacity” regime at hand, form now to the end of this decade, 2020,
Ontario has the opportunity to reconsider OPA’s plan. For instance, our results show
that “Dash for gas” approach will neither help in lowering the electricity rates nor it will
reduce the stock of cumulative electricity related CO, emissions. Instead, substitution of
relative high cost nuclear refurbishments with low cost hydro and nuclear solutions
could result in similar CO, emissions accumulations and intensity but at relatively
cheaper “green power.”

e If Ontarians are willing to pay higher electricity rates (i.e., increase of 11 % per year
from 2020 to 2030) for (i) having more renewable generation (i.e., 30 % share in the
supply mix) and (ii) a reduction of 14 % CO, emission intensity both in 2020 and 2030
then staying the course with OPA’s plan is not a viable option. A new plan that is able
to achieve these results, like our RFS, should be actively pursued by the decision
makers.

e If Ontarians prefer their future to have more low-carbon economy than what is expected
under OPA’s plan, then there is good news: affordable plan can be crafted. With a focus
on the reduction of thermal generation, addition of renewable generation, and
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investments in R&D of electricity system (i.e., improving on electricity productivity
and power plants’ operational efficiency gains), more low-carbon economic and
industrial activity can be achieved in an affordable way (i.e., with the availability of
relatively cheaper electricity). Similar assertions are advanced by others as well
(Pollution Probe 2012). In addition, such a plan can also make Ontario’s supply mix
import- independent.

e Despite being a significant source of CO, emissions, OPA’s plan favors gas-based
generation for its status as a “flexible supply” utility. Based on our analysis, however,
utilization of hydro reservoir as “energy storage systems” appears to be a cheaper
source of “flexible supply” than the gas-based generation. In fact, if such a role of hydro
is implemented, gas-generation can be eliminated from the supply mix. Thus, resulting
in more and affordable “green power” for Ontarians.

e Currently, Ontarians can have more renewable generation, other than hydro, but with an
increasing electricity rates for a long time. On the other hand, based on increased
productivity and enhanced efficiency resulting from R&D investments, renewable
generation can have similar share in the supply but with relatively cheaper rates of
electricity during the same time period.

e In contrast to current OPA’s plan where electricity consumption per capita in Ontario
still remain higher than comparable states like New York, a new plan focused on having
more low-carbon economy seems to lower the electricity intensity. Lower electricity
intensity in Ontario means more “green power.” (Qudrat-Ullah 2014)

6.2 Model 2: MDESRAP (Source: Qudrat-Ullah 2015)

6.2.1 The Context and Objective of Model (i.e., Model 2)
Development

The context and the objective of development of the model, MDESRAP as reported
by the author (myself) is:

Like other countries in the world, Pakistan started liberalization and privatization of its
energy sector in early 1990s. In response to Pakistan’s 1994 Energy Policy that provided
attractive incentives to private investors, offers of over 4000 MW electricity generation
capacity by independent power producers (IPPs) were realized. Key incentives of this
policy were [18]:

Low taxes, duties, and fees

Power purchase guarantee (bulk power tariffs) @ 6.5 cents (US)/KWh
Fuel supply arrangements

Foreign exchange risk insurance

Despite these lucrative incentives, electricity supply sector of Pakistan has been struggling
to meet the electricity demand. In fact, beginning in 2005-2006 Pakistan is in a crisis with
regards to the supply of electricity. Pakistanis were enduring as much as eighteen hours per
day of load shedding (i.e., no electricity at all) for months [22]. The gap between demand
and supply of electricity peaked at 6000 MW in 2012 [6, 21]. This worst situation of
electricity shortage has not improved even today in the summer of 2014 [45]. Besides the
obvious failure of the 1994 Energy Policy of Pakistan in meeting the demand of electricity,
none of the IPPs invested in the country’s rich endogenous resource— hydroelectricity.
Instead, they invested mostly in gas and oil fired power plants. In fact, IPPs are known to
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invest in relatively early-return producing technologies, a “dash for gas” phenomenon [20,
31, 36, 46]. Thermal generation, on the other hand, has severe implications for the envi-
ronment of Pakistan.

With the ongoing sufferings of people and the economy of Pakistan due to severe shortage
of electricity, Pakistan’s energy sector planers and decision makers need a comprehensive
assessment and analysis of existing energy policy which is a modified version of 1994
Energy Policy. In particular, with the available empirical evidence of mixed performance of
IPPs, both in the developed and developing nations, [20, 46], there is a compelling need for
systematic evaluation of IPPs’ performance in the electricity sector of Pakistan across
socio-technical, economic, and environmental dimensions. Specifically, the long-term
impact of IPPs investment on the host country’s environment (e.g., environmental pollution
due to electricity generation related CO, emissions) is rarely assessed. Likewise good
governance and ethical practices that [PPs have shown in the case of developed nations are
less often executed whey they invest in developing countries [31].

The objective of this study, therefore, is to contribute in this area by providing an inte-
grated, system-wide simultaneously accounting for both the supply and demand side’s key
factors, analysis of the dynamics of Pakistan’s electricity system. We will attempt to
achieve this goal by addressing the research questions: How does IPPs’ investment in
Pakistan’s electricity sector impact the emissions of CO, in the environment? Within
the constraints of socio-technical, economic and environmental concerns, what would
be the best combination of electricity supply mix and supply side initiatives to achieve
sustainable electricity supply in Pakistan? (Qudrat-Ullah 2015)

6.2.2 Overview of MDESRAP Structure

MDESRAP” is organized into seven sectors, namely electricity demand, invest-
ment, capital, resource, production, environment, and costs and pricing sectors, as
shown in Fig. 6.2. The interaction of the feedback loops of one sector to the other
leads automatically to the closure of feedback loops that govern the behavior of the
system (Qudrat-Ullah 2005).

6.2.3 Validity Testing of MDESRAP

As with any other system dynamics model, MDESRAP was subjected to various
structural and behavioral tests including Theil’s inequality statistics and it passed all
the tests satisfactorily (please see details in Qudrat-Ullah 2004). On the utility of
MDERAP, an anonymous reviewer commented in 2014 that:

... In 2001, Professor Qudrat-Ullah was successfully able to forecast the adverse impact of
policy [i.e., the 1995 energy policy of Pakistan], which shifted the energy mix by moving
electricity generation to more polluting sources, i.e., oil and gas. He forecasted higher

MDESRAP was originally developed in 2001 (please see the details in Qudrat-Ullah and
Davidsen 2001).
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emission level and increased reliance on oil, which had to be imported, thus increasing the

import bill.

The energy crises in Pakistan peaked in 2010 and it unfolded exactly as Professor
Qudrat-Ullah had forewarned in 2001. I believe that had Professor Qudrat-Ullah’s paper
been read by policymakers in Pakistan and had they choses to respond to the concerns he
has raised, Pakistan would have been able to deal with energy as well as environmental

crisis in a more effective way.
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Such accolades from external peers certainly add to the methodologically tested
validity of our dynamic model, MDESRAP.

6.2.4 Key Insights and Energy Policy Implications

Based on the results of MDESRAP,

several important insights and implications regarding the dynamics of Pakistan’s electricity
system were drawn:

e The existing Energy Policy fails on at least four aspects: (i) it is not environmental
friendly, (ii) the electricity rates appears to rise for a long-period, (iii) the gap between
the demand and supply of electricity does not appear to close in a balanced manner, and
(iv) it increases dependence on imported furnace oil.

e Contrary to the common pitch for the benefits of privatization, IPPs produce neither
cheaper nor cleaner electricity in Pakistan. Instead, they are the dominant contributors
to the electricity-related CO, emissions in Pakistan.

e With the “electricity crisis” at hand, Pakistan has the opportunity to reconsider the
Energy Policy. For instance, our results show that the IPPs’ approach, the dominant
investment in quick-money-generator pro-oil generation, will neither help in lowering
the electricity rates nor will it reduce the stock of cumulative electricity related CO,
emissions. Instead, substitution of indigenously resource-rich and relatively low-carbon
hydro and nuclear solutions, such as in our AEPS, could result in relatively cheaper and
cleaner electricity in Pakistan. In addition, such a plan can also make Pakistan’s supply
mix import independent.

e Despite being a significant source of CO, emissions, the Energy Policy favors pro-oil
thermal generation for its status as a “flexible supply” utility. Based on our analysis,
however, utilization of hydro reservoirs as “energy storage systems” appears to be a
cheaper source of “flexible supply” than thermal generation. In fact, if such a role of
hydro is implemented, thermal generation can be eliminated from the supply mix. Thus,
resulting in more affordable “low-carbon electricity” for Pakistanis.

In additions to (a) a systematic review and evaluation of the Energy Policy of Pakistan, and
(b) the presentation of an alternative energy plan with insightful, integrated analysis of the
dynamics of Pakistan’s electricity system in socio-economic and environmental dimen-
sions, this study also makes two important contributions of the methodological nature:

(1) Our validated dynamic simulation model can serve as the underlying simulation model
for the development of an interactive learning environment (ILE). The developed ILE
can be a wonderful training tool for academicians and practitioners to assess and create
viable energy policies.

(i) We have presented an example of using “Thiel’s Inequality Testing” to validate our
dynamic model, our modeling and simulation community can make use of this
approach to increase the validity and acceptance of their simulation models.
(Qudrat-Ullahm 2015)
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6.3 Model 3: Electricity Generation Capacity in Canada
(Source: Qudrat-Ullah 2013)

6.3.1 The Context and Objective of Model (i.e., Model 3)
Development

Here is the context and the objective of development of Model 3:

The electricity production industry in Canada consists of four major nonrenewable sectors,
and two major renewable sectors. The majority of nonrenewable electricity comes from
crude oil, coal, natural gas, and uranium. On the other hand, the majority of electricity from
renewable sources comes from hydroelectric and wind production. The relationship
between supply and demand of electricity has changed over the past few economic cycles.
It is important to note that conventionally, as the demand for electricity increased, the
production of electricity also increased. A notable change came with the 1989-1993
recession, when the demand growth for electricity stalled. With the stall of demand, came
the stall of supply (IFC 2006). However, as the economy recovered from the recession,
demand growth resumed, however supply did not follow. Instead, the focus on maintaining
alignment between supply and demand was on productivity. Demand is driven by increase
in electricity using economic activities, and efficiency gains. Productivity may be further
divided into mechanical efficiency and conservational efficiency or electricity spent for
value addition. The two may be further divided into current machinery efficiency
improvements, the invention of more efficient machinery, and the devising of new tech-
niques that improve the value adding capabilities of processes. The driver behind such
productivity improvements is research and development, which in turn is driven by
investment (Park et al. 2007) and (Kilanc and Or 2008). For renewable energy sources,
technological efficiency does not depend on the demand side dynamics directly. However,
the economics and cost competitiveness of the technologies do (IFC 2006).

Despite considerable improvements in the productivity area, Canada’s electricity supply
and demand system has experienced significant imbalance in recent history (IFC 2006). In
fact, complexity of the system makes sustainable policy decision making a difficult task.
Complexity of this system primarily comes from the existence and interactions of nonlinear
and dynamic variables including various stocks of electricity generation capacity,
restricting and regulatory regimes, fuel supply and price dynamics, and advances and
challenges in technologies for electricity generation, transmission, and consumption.
Therefore, the key objective is to understand the causal relationships among the sys-
tem’s nearly immeasurable amount of variables and the patterns that exist in
Canada’s electricity system is essential for systematic and sustainable policy decisions.
(Qudrat-Ullah 2013)

6.3.2 Overview of Model 3 Structure

Model 3 is shown in Fig. 6.3. It focuses on investments in the electricity system and
their interactions with capital assets and electricity production sectors via its
feedback loops (Qudrat-Ullah 2013).
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6.3.3 Validity Testing of Model 3

We rigorously applied both the structural and behavioral tests for the validation of
our model. For structural validity, Model 3 was exposed to the following tests
suggested by Barlas (1989) and demonstrated in Qudrat-Ullah et al. (2012):

(1) Boundary adequacy test (i.e., whether the important concepts and structures
for addressing the policy issues are endogenous to the model)

(i1) Structure verification (i.e., whether the model structure is consistent with
relevant descriptive knowledge of the system being modeled)

(iii) Structure verification (i.e., whether the model structure is consistent with
relevant descriptive knowledge of the system being modeled)
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(iv) Dimensional consistency (i.e., whether each equation in the model dimen-

sionally corresponds to the real system)

(v) Parameter verification (i.e., whether the parameters in the model are consis-

tent with relevant knowledge of the system)

(vi) Extreme condition (i.e., whether the model exhibits a logical behavior when

selected parameters are assigned extreme values)

For the behavioral validity of Model 3, we applied several behavioral tests

(Barlas 1989; Sterman 2000) including:

Trend comparison and removal: This test provides the relative best fit of data by
estimating the trend of both the model-generated and the reference data series.
Autocorrelation function test for period comparison: The autocorrelation test is
used to detect the significant errors in the periods (e.g., time lags).
Cross-correlation function test for phase lag detection: The cross-correlation
function between the two time patterns shows how the two behavior patterns are
correlated at different time lags.

Comparing the means: This test examines the “Percent error in the means” to
see the discrepancy between the means.

Comparing the amplitude variations: This test compares the variations in the
simulated output by computing the “Percent error in the Variations (E2)” as:
E2 =SS — SA|/SA, where SS and SA are the standard deviations of the simulated
and reference time patterns respectively.

Model 3 passed all these tests satisfactorily and was used to perform several

iterations of what-if discover scenarios.

6.3.4 Key Insights and Energy Policy Implications

Based on the results of Model 3:

several important insights and implications regarding the dynamics of Canada’s electricity
generation capacity were drawn.

With our theoretical review, dynamic hypothesis, and simulation model-based scenarios,
we have attempted to explain the dynamics of variables acting within the electricity supply
and demand system of Canada. Specifically, we have looked at variables within our gen-
eration capacity system. The key to the avoidance of a gap between electricity supply and
demand, as well as sustainable, safe, and cost competitive production is to take advantage
of the identified factors and potential policy decisions. In addressing our current supply and
demand gap issue, we must not only continue to invest in capital assets for electricity
production, but also continue our increased investments in R&D and productivity initia-
tives. Demand management and reduction, as well as production and end use machinery
efficiency play prominent roles in maintaining stability throughout the system. Canada must
be prepared to diverge from traditional adjustment methods and adopt new strategies
focused on capital assets, productivity, and efficiency in order to avoid a downward spiral
of electricity industry deficiency.
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As per our model-based analysis, an additional investment of about 10 Billion $ over a
decade (2015-2025) will not only allow Canada to effectively close the supply and demand
gap but in a relatively greener way. With these additional investments, Canadian economy
can also expect better energy intensity (.25 versus .21 (toe/Million$). This will result in
wider recognition of Canada as a Green Economy (CBC 2010).

By utilizing our developed simulation model, future research can investigate other related
issues in the context of alternative policy design for Canadian electricity sector. For
instance, in the identified capacity-mix, which capital asset should be preferred the most?
Our developed model is flexible enough to be adapted to model and analyze such issues.
Therefore, besides providing useful policy insights on electricity generation capacity dy-
namics in Canada, this research contributes with an effective policy analysis and design tool
in the form of a unique system dynamics based simulation model. (Qudrat-Ullah 2013)

6.4 Summary

As they say, “Seeing is believing,” in this chapter we have provided a brief
overview of three models: Model 1, Model 2 (MDESRAP), and Model 3; each was
built to serve a particular purpose, yet all addressed the important energy policy
issues. They served three different geographical areas: Ontario, Pakistan, and
Canada.

Now, when you have gone through each of the models’ context and objectives,
feedback structures, validity procedures, and major insights they provided, it is not
an unreasonable assumption that you have seen at least a glimpse of “the physics of
stocks and flows in action,” the major objective of this chapter. Therefore, we can
assert that the stocks and flows based models, which are causal models, are well
suited for energy policy analysis and design.
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Chapter 7
Finale

I never teach my pupils: I only attempt to provide conditions in
which they can learn
—Albert Einstein

Energy policy issues and challenges abound. The stock and flow perspective pro-
vides a unique and powerful set of tools to equip the policy decision makers better
to take on these challenges. In fact, the system dynamics approach is well suited for
the modeling and simulation of an integrated and holistic perspective on complex
dynamic systems with the design of an effective and efficient energy policy that
fully accounts for sociotechnical, economic, and environmental concerns. Let me
conclude by delineating a roadmap for how, in a step-by-step approach, energy
policy makers can improve their decision making by utilizing the stock and flow
based modeling (i.e., system dynamics) approach.

7.1 Roadmap for Improved Decision Making
in the Energy Policy Domain

At the outset of this book, we set the objective to aid energy policy makers to make
improved decisions by embracing a stock and flow perspective. That is,

(i) Energy policy making is a complex dynamic problem (Chaps. 1 and 2).

(i) The stock and flow perspective can effectively address energy policy issues by
explaining the physics of underlying feedback loop structures of an energy
system (Chaps. 3-5).

(iii) The stock and flow perspective has been successfully applied to solve various
complex, dynamic issues of energy policy (Chap. 6).

(iv) For effective energy policy making, the embracing of the stock and flow
perspective is the way forward (this chapter).

Please note that we are not claiming that reading this will make you an expert on
system dynamics modeling or energy policy decision makers have to become expert
on system dynamics modeling (great, if they are) but this brief book is to motivate
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Fig. 7.1 Stock and flow
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Build the conceptual model by identifying
the key feedback loops, time lags, &
nonlinearities with a CLD.

[SD expertise, in-house and/ or consulting,

is required]

Construct the stock-and-flow based
model; write mathematical equations;
collect data; validate the model.

[SD expertise, in-house and/ or
consulting, is required]

v

Perform what-if analysis by simulating the
model under various conditions; gain insights
[SD expertise, in-house and/ or consulting, &
Management involvement is required]

v

Make decisions; Implement decisions; Collec?
feedback

[SD expertise, in-house and/ or consulting, &
Management involvementis required]

J

you to take actions in your organization to instill the virtues of the stock and flow
perspective. So, for dealing with complex, dynamic energy policy issues (i.e.,
evaluation, assessment, and design of energy policies and related issues), one can
take these steps (Fig. 7.1), in an iterative manner.

7.2 A Few Personal Reflections

I was fortunate to have the opportunity to learn system dynamics methodology and
embrace the stock and flow perspective about 15 years ago when I was a graduate
student at the University of Bergen (Norway). Since then I have been developing
and applying system dynamics models to a variety of complex dynamic problems
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including in the energy policy domain, with varying degrees of success
(...yes, introduction of stock and flow perspective to bureaucratic mindset is not an
easy task).

Energy policy challenges will continue to exist and so will the efforts of the
research community to address them. In this context, a continuum of the innovation
and growth in the development and use of models exist. Let me say it, “The utility
of any model is in the eye of its users.” No one is denying the usefulness of other
modeling approaches (e.g., econometrics, optimization). In fact, my own experience
shows that it is the combination of these methods and system dynamics approach
that creates the best “solutions” for the complex, dynamic, and “wicked” problems
and issues of the energy policy domain. You, the reader of this brief book, there-
fore, is encouraged to embrace the system dynamics approach, and then be the
judge. I did it and have no regret at all ©. Finally, I would appreciate your feedback
on any concept, method, or material presented in this brief book, at:
hassanqu@ gmail.com.
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