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Sustainable energy systems are complex sociotechnical sys-
tems with a social network of many players that “together”
develop, operate, and maintain the technical infrastructure.
No single player controls the system, but their actions are
coordinated through a range of institutions—informal and
formal rules—and regulations. As the control is distributed
among actors, the overall system behaviour (at different time
scales) emerges from operating practices and characteristics,
from (dis)investment decisions, and from other aspects of the
players’ strategies.

A successful realization of sustainable energy systems
depends on their societal acceptability, market dynamics,
regulations, and the support of different stakeholder groups.
To facilitate the introduction of flexibility sources like stor-
age, demand-side response, flexible clean generation, and
interconnections between different power systems, different
sociotechnical designs have to be considered.

Sustainable energy systems require a complex, irreducible
approach for design and operation and for robust what-if
analyses. Essential aspects of the overall system behaviour
or structure might be misunderstood or even overlooked if
traditional methods continue to be applied; that is, methods
which examine the connections between the heterogeneous
parts and the whole system of systems are needed. Multidis-
ciplinary research including engineering science, economics,
political science, and behavioural science is needed to meet
ambitions.

This special issue addresses recent advances regarding
complexity in energy systems. From 10 submissions, 7 papers
are published in this special issue. Each paper was reviewed

by at least two reviewers and revised according to review
comments. The accepted papers show that insights into the
possible consequences of design choices and operational
modes can be provided by engineering science, advanced
modelling, and optimization techniques, but at the same
time new market structures, organizational interactions, and
institutional designs should be taken into consideration.

In the paper “Structural Evaluation for Distribution
Networks with Distributed Generation Based on Complex
Network,” F. Xue et al. addressed challenges of the operation
of distribution grid with a high participation of distributed
generators (DG) and energy storage systems. They stressed
that in the field of complex networks the performance and
vulnerabilities of networked infrastructures are tightly related
to the original topology and structural factors as positions
of generation and load buses and capacities. However, when
integrating distributed generating systems with distribution
networks two perspectives should be taken into account:
local perspective from individual viewpoint of DGs and
global perspective from overall viewpoint of the original
network. Case studies were used to illustrate the proposed
Power-Supply-Ability metrics to identify potential structural
vulnerabilities of distribution networks in general and the
impact of DGs on security in particular. Also site selection for
DGs can benefit from these metrics by providing evaluation
of different location possibilities.

In the paper “A Stability Analysis of Thermostatically
Controlled Loads for Power System Frequency Control,”
E. Webborn and R. S. Mackay investigated thermostatically
controlled loads (TCLs) functioning as a flexible demand
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2 Complexity

resource with the potential to play a significant role in sup-
porting electricity grid operation. The mathematical mod-
elling and simulation study showed the short-term benefits
of using identical TCLs for frequency response and discussed
long-term issues indicating that a population of refrigerators
might perform a valuable service to the grid without requir-
ing centralised or stochastic control.

In the paper “Enabling theAnalysis of Emergent Behavior
in Future Electrical Distribution Systems Using Agent-Based
Modeling and Simulation,” S. Kolen et al. investigated emer-
gent system behaviour of future electrical distribution grids
and in particular cyber-physical interactions and communi-
cation through electrical lines as well as control systems.They
developed an agent-basedmodelling and simulation toolDis-
tAIX to be used for large-scale system analysis addressing the
need for scalable capability to observe emergent behaviour
that is vital for the development of decentralized control
strategies.

In the paper “Sociotechnical Network Analysis for Power
Grid Resilience in South Korea,” D. A. Eisenberg et al.
showed that to improve power grid resilience technological
solutions to reduce the probability of losses are not sufficient.
Policies and protocols for social processes should be taken
into consideration, too. Case study of the Korean power grid
illustrated that both technological and social analyses are
needed to provide important information regarding power
grid resilience, and both are necessary to avoid unintended
consequences for future blackouts.

In the paper “Assessing the Plurality of Actors and Policy
Interactions: Agent-Based Modelling of Renewable Energy
Market Integration,” M. Deissenroth et al. discussed to what
extent and how growing participation of renewable energy
sources (RES) should be integrated into energy markets with
new regulations. They proposed an agent-based model to
study the impact of changing energy policy instruments on
the economic performance of RES operators and marketers.
They concluded that changes in the political framework
cannot be mapped directly to RES operators without con-
sidering intermediary market actors, the characteristics and
strategies of these being an important factor for successful
RES marketing and further deployment.

In the paper “Conceptualization of Vehicle-to-Grid Con-
tract Types andTheir Formalization inAgent-BasedModels,”
E. H. Park Lee et al. looked at a specific application of
fuel cell electric vehicles (FCEVs) which can be used as
flexible power plants in future energy systems. Technical and
economic feasibility of such an innovative concept should be
accompanied by an institutional analysis. They investigate by
agent-based simulation how different types of contracts, that
is, price-based, volume-based, and control-based contracts,
can be used not only for the benefits of car owners but also
for balancing local energy supply in microgrids.

The paper “Creating Agent-Based Energy Transition
Management Models That Can Uncover Profitable Pathways
to Climate Change Mitigation” by A. Hoekstra et al. closes
this special issue. The authors of the last paper presented
a literature review comparing equilibrium models, system
dynamics, and discrete event simulation with agent-based
models to address general energy transition and climate

change problems. Exploring these problems using agent-
based modeling is often the most promising strategy as inter-
actions between the global, national, local, and individual
level can be taken into account.

The papers in this special issue represent exciting and
insightful observations into energy problems from the com-
plexity perspective.We hope that this special issue will attract
attention to the many important opportunities for further
research into complexity and energy and will function as a
valuable resource to further develop the knowledge needed
for energy transition.

Zofia Lukszo
Ettore Bompard

Paul Hines
Liz Varga
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Fuel cell electric vehicles (FCEVs) have the potential to be used as flexible power plants in future energy systems. To integrate FCEVs
through vehicle-to-grid (V2G), agreements are needed between the FCEV owners and the actor that coordinates V2G on behalf of
them, usually considered the aggregator. In this paper, we argue that, depending on the purpose of providing V2G and the goal of
the system or the aggregator, different types of contracts are needed, not currently considered in the literature. We propose price-
based, volume-based, and control-based contracts. Using agent-basedmodeling and simulationwe show how price-based contracts
can be applied for selling V2G in the wholesale electricity market and how volume-based contracts can be used for balancing the
local energy supply and demand in a microgrid. The models can provide a base to explore strategies in the market and to improve
performance in a system highly dependent on V2G.

1. Introduction

Flexibility can be defined as the ability of a system to deal with
the variability and uncertainty in the balance of generation
and consumption of electricity [1]. One of the potential flexi-
bility resources that can be exploited by residential consumers
for electric power systems is the energy stored in electric
vehicles (EVs), which could be used whenever they are
parked, to provide storage, demand-side response, or vehicle-
to-grid (V2G) [2–4].This has been an area of interest for over
a decade [5] due to the increasing electrification of transport
systems [6]. In many cases, the supply of flexibility with EVs
is an opportunity but also a need, due to the effect that EV
charging has on the distribution networks. In the case of fuel
cell electric vehicles (FCEVs), hydrogen is used as an energy
carrier and therefore it can be stored centrally but also in the
vehicles.Thus, the energy demand formobility does not affect
the grid directly, while the energy available in the vehicles can
be used for supplying flexible vehicle-to-grid power [7].

Research on Battery Electric Vehicles (BEVs) is usually
focused on ancillary services (spinning reserves and regula-
tion) due to the ability of BEVs to provide regulation up and
down [8–12]. As Kempton and Tomić [2] indicate, BEVs are

better for providing regulation and FCEVs are more suitable
for spinning reserves and peak power. Wholesale markets
have also been considered [13–15] as it is expected that a
growing EV capacity will eventually saturate the balancing
markets [16–18]. The supply of power in microgrids for load
leveling has also been considered [19, 20]. Regarding FCEVs,
most of the literature is focused on local energy supply,
for example, vehicle-to-building power [21, 22] and more
recently microgrids [23–25] and smart cities [26]. The role
of FCEVs in the wholesale market in systems with high
wind penetration is also being explored [27]. The more
recent research presents FCEVs within the Car as Power
Plant (CaPP) concept, which combines renewable energy
generation, conversion to hydrogen, and storage [4, 7].

The technical and economic potential of V2G has been
widely explored [2, 21, 22], but due to political and regulatory
barriers [28, 29] implementation is still limited to controlled
environments and pilot projects [30]. In the case of FCEVs,
the slow adoption of FCEVs and limited hydrogen infrastruc-
ture are additional barriers, as well as the public acceptance
of hydrogen [31].When implemented, the operationV2Gwill
depend on the participation of drivers, whomust bewilling to
activate the flexibility from their vehicles when needed. The
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aggregator role is considered to be important for the imple-
mentation ofV2G, given that an actor in the electricity system
is needed to participate in markets on behalf of the drivers
(prosumers) [9, 32]. In local energy systems/microgrids, the
controller or microgrid operator takes the role of aggregator.
The use of vehicles for flexible power supply by an aggregator
implies the need of an agreement between vehicle owners
and the aggregator, which can be made in the form of a
contract [32, 33]. Contracts can provide the aggregator with
information about the availability and activation criteria of
the vehicles, to make decisions about when to operate which
resources. The literature on V2G contracts, however, is quite
limited as only one form of contract is usually considered for
different markets.

The goal of this paper is to (1) contribute to the V2G
contract literature by adding new types of contracts to
provide different ways to manage EVs (FCEVs in particular)
for different markets and types of V2G power and (2)
demonstrate in two models how price-based contracts can
be used to sell power in the wholesale market and how
volume-based contracts can be used to coordinate V2G
in a microgrid. For the first goal we provide the current
insights into the V2G contract literature and propose new
V2G contract types within a classification that is used in
the demand response (DR) literature: price-based, volume-
based, and control-based contracts. We briefly introduce the
contract parameters in each one and explain when they may
be suitable. For the second goal, we present two agent-based
models in which the different energy systems are represented
as complex sociotechnical systems.

The rest of the paper is structured as follows: In Section 2
we present a review of the relevant literature that deals with
contracts for V2G. In Section 3 we describe three contract
types: price-based, volume-based, and control-based. In Sec-
tion 4 we describe the two models used and the results of the
simulations. We end in Section 5 with conclusions about our
research.

2. Literature Review

2.1. Vehicle-to-Grid and Its Value Chain. TheUniversal Smart
Energy Framework (USEF) defines the relationships in flex-
ibility trading using prosumer-side resources [34]. Since
all electric vehicles (EVs) can be considered prosumer-side
flexibility resources, the framework can also be used to
describe the V2G value chain (Figure 1). Drivers provide V2G
to the electricity system via an aggregator that may interact
with balance responsible parties (BRP), the Transmission
System Operator (TSO), and/or the Distribution System
Operator (DSO) for the supply of V2G in different markets.
The framework also indicates the several stages in flexibility
trading, in which the interactions among actors occur [35]:
Contract, Plan, Validate, Operate, and Settle. The Contract
phase can include the agreements between prosumer and
aggregator on the capacity available and the conditions for
activation. The Plan and Validate stages are similar to the
processes in current markets, where market actors make
plans for energy supply and demand, which are validated if
feasible.The Operate stage refers to the dispatch of resources,

FCEV
driver

Aggregator

FCEV
driver

FCEV
driver

FCEV
driver

V2G

V2G
contract

V2G
contract

V2G
contract

contract

BRP

DSO

TSO

Flexibility buyers

Figure 1: Relationships of actors in the V2G value chain, based on
[35].

which would refer to the use of vehicles to provide electricity.
While generally the V2G literature is focused on the Plan and
Operate stages and the participation in electricity markets
[8, 36, 37], there is limited knowledge on the Contract phase
and how it affects the daily operations.

2.2. Role of Contracts in the Coordination of Vehicle-to-Grid.
We define operational coordination of V2G as the set of
decisions that aremade to operate individual vehicles in order
to achieve a certain goal in the technical system. Although
the aggregator offers aggregated energy or capacity in the
markets, it also has to make decisions about the operation
of individual vehicles, taking into account the different needs
and preferences of the drivers and the technical characteris-
tics of the vehicles.These aspects which define the availability
and activation criteria of each car delineate how it can be
operated by the aggregator and have to be explicitly defined
in a contract.

Guille and Gross [32] present a V2G implementation
framework that consists of using contracts to get the com-
mitment from vehicles before the aggregator can make a
contract with the system operator. A package deal is formed,
consisting of preferential rates for purchasing the battery
but also discounts for charging and parking. The obligations
indicated in the contract consist of plugging in at times that
are predefined in the contract. Failing to comply with the
contract terms leads to penalties.The authors in [33] describe
two options for the relationship between the aggregator and
EV driver: a contractual and a noncontractual form. The
former would involve obligations for the service and a yearly
cash payment and the second a free participation and “pay-
as-you-go” type of remuneration. A choice experiment about
V2G-enabled EVs is carried out, using a simple contract
concept. Required plug-in hours (ranging from 5 to 20 hours)
and a guaranteed minimum range (ranging from 25 to 175
miles) are two of the contract terms. One of the conclusions
is that the upfront payments for V2G to drivers might not be
enough to participate in V2G.

One econometric study quantifies the influence of con-
tract parameters on the economic potential of V2G in the
German secondary reservemarkets [37].The contract param-
eters used are those presented in [33]. Driver characteristics
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from mobility data are used to assume contract parameters
(based on the theoretical participation potential) and to
make subsets of drivers with similar characteristics. Using
the subsets, the value of different vehicle characteristics for
the aggregator are determined. Although the authors use
market data of a whole year, they extract two weeks with the
highest and lowest reserve market demands to calculate the
optimal car pool size, as well as the annual profits. Broneske
and Wozabal [37] conclude that the value of certain contract
parameters for the aggregator depends on the characteristics
of the market; that is, markets where more energy is supplied
will value drivers that are able to provide enough energy
(lower guaranteed minimum range) while also providing
enough availability, while markets where less energy is sup-
plied, the availability (plug-in hours) will be more valued.

2.3. Different Vehicle-to-Grid Contract Types. For all types
of markets and services, the supply of V2G has different
characteristics and needs. As Broneske and Wozabal [37]
concluded, in markets with different “energy throughput”
characteristics, different contract parameters are suitable and
thus valuable for the aggregator. Kempton and Tomić [2] also
suggest that when providing ancillary services the availability
(capacity) is more valuable than the actual energy supplied,
since even when there is a loss for selling electricity, the
capacity payments sufficiently make up for the costs incurred
[2]. Since the characteristics for participation in V2G differ in
eachmarket and system, different types of contracts should be
made to account for the different needs.

In the demand response (DR) literature, demand re-
sponse programs can be categorized into “explicit” (volume-
based) and “implicit” (price-based) mechanisms [38]. The
first one refers to explicitly defining the level of flexibility to
be activated and is appropriate for system reliability purposes.
The latter refers to the reaction of consumers to prices and
thus the provision of flexibility without a previous agreement
on the volume [39]. He et al. [40] emphasize the importance
of activating consumers for demand response to be success-
ful. To achieve that, the authors present different types of
contracts that can cater to consumers with distinct technical
capabilities and preferences: price-based, volume-based, and
control-based contracts, all of which have different technical
characteristics and high level implications for prosumers.

The concepts from demand response can be extended to
V2G, although there are fundamental differences between
DR and V2G. In the case of DR, the service is a deviation of
the normal consumption pattern, usually provided through
household load or EV charging. V2G on the other hand
implies allowing the use of a vehicle as a dispatchable
generation unit. These are two different ways to provide
flexibility in electricity systems [1] and have in common the
fact that small prosumers can participate. The concepts from
[40] and the DR literature can be used as a guideline to define
different ways in which the V2G service can be activated,
although specific characteristics related to mobility have to
be applied to activate drivers for V2G supply. In the case
of FCEVs, which are usually not connected to the grid, it

can be a challenge since additional efforts are needed by the
prosumer to plug in the vehicle and provide energy.

Currently only one type of contract is considered in
the literature, which is defined by the plug-in time (timing
and length) and the guaranteed driving range after V2G.
In [13], different strategies for V2G participation with BEVs
in the wholesale market are explored. One of them allows
the driver to define a selling price for V2G, leading to
the lowest battery cycles and highest savings (net profits)
when compared to other strategies where the driver does
not control the minimum price. Although the aggregator’s
role is implied, there are no details about the contractual
relationships and there seems to be no profit sharing with
the aggregator.This example demonstrates that in some cases
allowing drivers to set a minimum price for activating V2G
would help them control the level of expected revenues and
thus make participation more attractive.

2.4. Conclusions. In conclusion, the need for contracts in
V2G supply is evident from the literature and is in line with
the processes of flexibility trading defined in [35]. The use
of V2G contracts is mentioned in the literature either to
imply agreements on the level of participation of the vehicles
[8], or as a means to ensure or increase participation [32,
33]. Broneske and Wozabal [37] demonstrated that contract
parameters influence profitability in the market and that
different market characteristics value contract parameters
differently. The only V2G contract type explicitly mentioned
in the literature (based on plug-in time and energy available)
[32, 33, 37] may not be enough to engage drivers in different
markets. This is supported by the distinction made in DR
programs and contract types [38, 40] and the possibility
that setting a selling V2G price can be more profitable for
drivers in some cases [13]. There is still limited focus in the
literature on V2G contract design or on how contracts made
with drivers with different needs and behaviors affect the
operational coordination in the system in which the vehicles
are integrated. When viewing future energy systems with
V2G as complex sociotechnical systems, we cannot ignore
the interactions between actors in the whole V2G value chain
and the role of V2G contracts on the operation of the system.
For aggregators to sell V2G power in different markets,
the contract parameters used to coordinate drivers must be
alignedwith the characteristics of both individual drivers and
the markets. Therefore, there is a clear need to define new
V2G contract types and their corresponding parameters and
to explore their possible effects on the operation of future
energy systems.

3. A Classification of Vehicle-to-Grid
Contract Types

In this section we present three V2G contract types and
introduce the distinct sets of parameters. To conceptualize
these contracts we use the generic classification of contracts
from the DR literature [38, 40], which can be applied to V2G:
price-based, volume-based, and control-based V2G contracts.
Weuse the characteristics ofV2Gas explored in [13, 23, 32, 33]
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Table 1: Price-based contract parameters.

Contract parameter Description
Min. V2G price Minimum price for activation, defined by driver
Guaranteed fuel level Minimum level of hydrogen in the tank guaranteed after operation
V2G remuneration Remuneration for energy supply, for example, min. V2G price

Table 2: Volume-based contract parameters.

Contract parameter Description
Time interval Time interval (start + duration) for availability
Max. volume Maximum volume usable for V2G
V2G remuneration Energy and capacity remuneration
Guaranteed fuel level Minimum level of fuel guaranteed after operation
Min. fuel required at plug-in Calculated level of fuel required in the vehicle before plug-in

Table 3: Control-based contract parameters.

Contract parameter Description
Time interval Plug-in time (voluntary or precommitted)
V2G remuneration Energy and capacity remuneration
Guaranteed fuel level Minimum level of energy guaranteed after operation, requested by driver

and define the contract parameters corresponding to each
type.

The contract types presented here can be used to for plug-
in EVs as well as FCEVs. Although the coordination of smart
charging with plug-in EVs can also be arranged through
contracts with an aggregator, V2G refers strictly to the power
flows from vehicle-to-grid, and therefore we exclude the
arrangements of power flows fromgrid-to-vehicle (G2V). For
the implementation of combined smart charging and vehicle-
to-grid (charging and discharging) with battery EVs, we sug-
gest adding or adjusting the contract parameters to provide
the appropriate limits to use the battery. In the rest of this
paper we will conceptualize and explain the contract param-
eters assuming they are used to manage FCEVs, which tech-
nically allow exclusively power flows from vehicle-to-grid.

3.1. Price-Based Contracts. Price-based vehicle-to-grid con-
tracts involve a price signal for the activation of V2G. As
shown inTable 1, the driver defines aminimumprice hewants
to receive forV2G.Therefore, the aggregatorwill use the vehi-
cle only when he can provide this remuneration (e.g., market
price is higher) and as long as there is enough energy in the
vehicle.The availability or time at which the FCEV is plugged
in is voluntary and therefore not committed. Depending
on the market, the aggregator may define a remuneration
structure such that the driver gets the minimum price and
a percentage of the additional profit (difference between the
market price and the minimum V2G price). This percentage
could depend on the available energy at plug-in or the plug-in
duration so that availability is rewarded.

This type of contract could be used for drivers to partic-
ipate in the wholesale market, where average prices may not
be high enough but peak prices canmakeV2G profitable [13].

3.2. Volume-Based Contracts. Volume-based contracts in-
volve commitment of a predefined volume of energy within
a certain time interval, as shown in Table 2. Thus, drivers
can limit the amount of energy they are willing to provide
(maximum volume). Since the fuel capacity in the FCEV tank
is limited, this means that FCEVs need to have a certain
amount of volume at plug-in. By defining the guaranteed
fuel level, the required fuel amount can be also calculated for
drivers to comply with the commitment.

Volume-based contracts can be attractive for drivers who
have a very predictable driving schedule and can be plugged
in regularly, for example, at the workplace parking facilities
or at home. This type of contract can be used when the
commitment of availability and energy is important such as in
local energy systems depending on variable RES and FCEVs
[23, 24, 26] or when providing reserve capacity. Since there
is a commitment on the time and volume, the remuneration
structure could be designed such that the commitment is
rewarded.

3.3. Control-Based Contracts. With control-based contracts
the driver cedes control to the aggregator as soon as the car
is plugged in. The availability is defined by the time interval,
which could be precommitted or informed at plug-in by
indicating the expected departure time. As shown in Table 3,
the activation criterion is defined by the guaranteed fuel level
to be left afterV2G.Although it is similar to the volume-based
contract, there is no commitment on the maximum volume
available. Implicitly, it is defined once the car is plugged in, by
the initial level of fuel and the guaranteed fuel level. However,
the total available volume can change every time.

Thismay be the contract formwith lowest complexity and
in the absence of a time interval commitment it gives freedom
to the driver to plug in anytime. However, when plugged in,
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the driver cannot limit how much energy may be used by the
aggregator. High levels of availability or fuel levels may be
incentivized by designing V2G remuneration structures that
consist of a V2G tariff plus a capacity remuneration that is
linked to the time duration and the fuel level at plug-in.

This type of contract is in practice implied in the assump-
tions made in the microgrid in [23], where all FCEVs are
assumed to be plugged in whenever they are in the neigh-
borhood and the controller can use them until the minimum
fuel level is reached. It is also similar to the V2G contracts in
the literature [32, 33, 37]. Control-based contracts could be
attractive in cases when vehicle availability is high without
commitment, for example, large fleet of FCEVs that are
usually plugged in at regular times, and/or when volume
commitment beforehand is not necessary because it is not
scheduled ahead.

The three contract types described in this section show
differentways for drivers and aggregators tomake agreements
on the availability and activation criteria of their flexible V2G
resources, specifically FCEVs in this case. The main differ-
ences are the level of commitment of the plug-in time and
the activation criterion: either the energy available (volume)
or a minimum price preference. In each case, the aspect over
which the driver has control is different. In practice, hybrid
forms of contracts could be used by aggregators to ensure a
certain level of participation of drivers.

4. Exploring the Role of V2G Contracts Using
Agent-Based Models

In this section we demonstrate how V2G contracts can be
used for different types of V2G power supply. We present
two agent-based models built in Python: one where price-
based contracts are used for participation in the day-
ahead market and another where volume-based contracts
are used to coordinate FCEVs in a microgrid. The models
are described following guidelines of the ODD (Overview,
Design, concepts, and Details) protocol [42]. In this section
we only include the main aspects in summarized form, and
more details can be found in the Supplementary Materials
(available here). The complete descriptions are also available
upon request.

4.1. Conceptual Framework and Approach. We use the com-
plex sociotechnical systems approach to describe the system
as a combination of the technical subsystem consisting of the
physical units and processes, the social subsystem with the
actors involved, and the institutions that guide the interac-
tions [43–45]. The operation of such system is influenced by
the interactions between the technology, the involved actors,
and the institutional arrangements. In this paper, we focus
on the effect of V2G contracts as institutional rules in two
systems with heterogeneous actors. We conceptualize the
two agent-based models using the three pillars of complex
sociotechnical systems, technology, actors, and institutions, in
this case the V2G contracts.

Agent-based model
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Net profits
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Figure 2: Agent-based model conceptualization: FCEVs in the day-
ahead market.

4.2. Model 1: Price-Based Contracts for Participation in
the Day-Ahead Market

4.2.1. Model Overview

Purpose. The purpose of this model is to formalize price-
based contracts within an agent-based model and to explore
the effect of contract parameters. We do this by modeling
FCEVs in a car park that are used by an aggregator to
sell V2G in the day-ahead market. We model the hourly
actions and interactions of the agents, focusing on the role of
individual contracts in the amount of V2G sold in themarket.
The minimum bid volume in the market means that selling
power depends also on other drivers’ availability and contract
parameters. The revenues for the aggregator depend on the
aggregated drivers’ availability, their contract parameters, and
the fluctuating market prices. The revenues for the drivers
depend on their own availability and contract, other drivers’
behaviors and their contracts, and the changing market
prices. With this model, we want to understand these micro-
macro-micro relationships to further explore how contract
parameters could be used to better understand how to engage
drivers to participate in wholesale markets and to design
strategies for aggregators.

Figure 2 shows the model concepts, which distinguish
the technical and social subsystems. Data sources are used
to feed driving schedules to the driver agents and to model
future electricity prices and forecasts externally and use them
as inputs in the model. The main performance evaluation is
based on the net profits and the V2G supplied by the drivers.
The model is based on our previous work; please refer to
[27] for the description of the day-ahead market model and
scenarios.
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Table 4: Drivers and V2G contract initialization.

Variable Value
Driver agents
Number of drivers 100
Driving schedule Using distribution derived from [41], weekdays and weekends
Parking profile 50% of drivers with work hours, 50% with home hours
Initial fuel level (kg) Random from 3.0 to 5.65 (max)
V2G contract
minPrice (€/MWh) Cost of V2G ∗ 1.0 [EqualminPrice] or cost of V2G ∗ random [1.0–1.5] [RandomminPrice]
guarFuel (kg) 1.5 ∗ daily driving distance
driverMargin (%) According to fuel % at arrival: [75–100%]: 75; [50–75%]: 50; [25–50%]: 25; [0–25%]: 10
Remuneration (€) Calculated usingminPrice and driverMargin

Agents and Objects. In the model there are three types of
agents: the drivers, the aggregator, and the day-ahead market
agent. Drivers represent both the characteristics of the driver,
for example, the driving schedule or V2G contract, and the
technical characteristics of the car, for example, the level of
hydrogen in the tank. They drive and use the car park to
park and plug in their car either during “work” or “home”
hours. Driver agents own a price-based V2G contract object
that contains the contract parameters. The aggregator agent
accesses the information in the V2G contracts to sell V2G
in the day-ahead market. It also buys electricity to produce
hydrogen using the electrolyzer. It makes forecasts about the
predicted market price and predicted availability to make
decisions in the market. When V2G is sold, available FCEVs
are used, based on the contract between the driver and the
aggregator. V2G contracts are built as objects in the model,
which contain the contract parameters.

Process Overview. At the beginning, contracts are created
between driver agents and the aggregator agent. Every day
at 12.00 noon, the aggregator agent uses its forecasts on the
next day’s expected hourly availability of FCEVs and the
hourly market price forecasts for the next day in order to
place offers for V2G in the market or bids to buy electricity
to produce hydrogen. Given the minimum bid volume of
100 kW in the market and the assumed V2G power of 10 kW,
for every 100 kWbid at least 10 vehicles with aminimumprice
lower than the expected market price are needed. Every day
drivers drive cars according to their driving schedule. Based
on their parking profile, they use the car park during either
“work hours” or “home hours.” Once parked, they plug in
the vehicle to the grid. When they leave again, they refill if
necessary. Based on the volumes ofV2G sold in the day-ahead
market, plugged in FCEVs with a minimum price lower than
the market price are operated to supply V2G. At the end of
the simulation run, the revenues for the period are calculated
for every driver as well as the aggregator.

Inputs for Simulation.We initialize the agents using the inputs
indicated in Table 4. The model is simulated for 8760 steps
(one year) for two scenarios: Equal minPrice and Random
minPrice. Since there is no knowledge on how drivers would
set this contract parameter in practice, we compare a situation
inwhich all drivers set the price based on the cost of providing

V2G and a situation in which some agents increase the
minimum price, up to 1.5 times the cost of providing V2G.
This is done by using a factor calculated randomly between 1.0
and 1.5.The cost of providing V2G using FCEVs is calculated
using (1), where the first part indicates the cost of energy,
that is, the cost of purchased energy 𝑐pe divided by the fuel
cell efficiency and the Higher Heating Value of hydrogen.The
second part indicates the degradation cost, which consists of
the unit price of the fuel cell 𝑐FC divided by its lifetime in
hours and multiplied by a factor of 0.5. Similarly, as in [26],
the degradation cost of V2G operation is assumed to be 50%
of that of the degradation when driving.

𝑐v2g =
𝑐pe

HHV ∗ 𝜂FC
+
𝑐FC
𝐿
∗ 0.5. (1)

The remuneration is calculated by adding the driver
margin to the minimum price. The driver margin is the
percentage of profit that the driver receives for the difference
between the market price and the minimum price. It is
assumed that the aggregator will receive the market price for
the V2G supplied, and every €/MWh above the minimum
price is to be shared between the two. Since there is no
reference on how to calculate this margin, we used different
levels of margins according to the fuel available at plug-in.
Therefore, the driver margin can change every day, and it will
reward drivers with fuller tanks.

The day-ahead market prices used in the simulation runs
correspond to the “high wind” scenario in [27]. Please refer
to Supplementary Materials for more information about the
energy scenarios and the data sources used.

4.2.2. Results. Thedriver agents’ and aggregator’s results from
the two-simulation run are shown inTable 5. As it is expected,
the Equal minPrice run results in more volume of V2G
supplied and higher profits both for drivers and for the
aggregator. The potential profits are calculated as the profits
that would be realized by the driver if the driverMargin had
been always the highest, 75%. This value is also higher in the
Equal minPrice case. The reason is that the minimum price
to sell in the market is lower (63.45 €/kWh) in this run. In
the Random minPrice case, the minimum price is calculated
for every agent as the cost of V2G times a random factor
between 1.0 and 1.5. In the simulation, the agents have a
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Table 5: Simulation results: drivers and aggregator profits.

EqualminPrice RandomminPrice
Driver results Range (average)
Profits (Eur/year) 18.62–326.09 (146.68) 8.41–248.081 (96.72)
Potential profits (Eur/year) 33.21–362.76 (181.09) 15.24–309.27 (129.73)
V2G supplied (MWh) 1.19–12.65 (6.39) 0.48–7.73 (3.61)
Aggregator results
Revenues from V2G (Eur/year) 9,477.41 7,625.80

factor between 1.002 and 1.499, and the average is 1.233, which
means that the minPrice ranges from 64.57 to 95 €/kWh,
with an average of 78.24 €/kWh. In the model, the aggregator
offersV2G in themarket when it expects enough capacity and
the expected market price is above the averageminPrice of all
drivers. Due to the high averageminimumprice, it is possible
that some driver agents lose the opportunity to sell. On the
other hand, some drivers that have a higher minimum price
might sell when the market price is lower, but the aggregator
still pays the minimum price. In this case, there could be
reduced revenues for the drivers from the difference between
the market price and the minimum price. The strategy used
by the aggregator to offer V2G in the wholesale market could
be different as the one used in themodel.Thepossible bidding
strategies of the aggregator and their influence on the drivers’
net profits could also be explored using this model.

The purpose of adding randomness in the minPrice con-
tract parameter was to illustrate how the actions (availability)
and different contract parameters (minimumprice) influence
the aggregate availability of the vehicles. This in turn affects
the profits that individual agents realize in the wholesale
market. In the model, the contract parameters and driving
schedule of every agent can be changed depending on the
availability of data and the purpose of the research.

4.3. Model 2: Volume-Based Contracts in a Microgrid with
Fuel Cell Vehicles

4.3.1. Model Overview. The Car as Power Plant microgrid is
a community energy system consisting of household loads,
renewable generation, conversion to hydrogen and storage,
and FCEVs as power plants. In this system, the photovoltaic
(PV) panels are used to provide power, and when PV gen-
eration is not sufficient, FCEVs are used as power plants. In
our previous work [23], cars were assumed to be available for
V2Gwhenever in the neighborhood (similar to control-based
contracts). With the introduction of volume-based V2G
contracts, drivers are able to reduce the plug-in time and set
the maximum amount of energy supplied with their vehicle.

Purpose. The purpose of this model is to show how volume-
based contracts can be formulated within an agent-based
model and to understand the effect of the contract param-
eters on the system under study. We model a microgrid
with residential households that depends on variable renew-
able energy sources (V-RES), storage, and FCEVs for the
energy supply. Thus, the microgrid operator (aggregator

role) depends on FCEV drivers and their availability to
supply power to the microgrid. Using the volume-based V2G
contracts we want to understand the relationship between
self-sufficiency of the microgrid (system performance), the
commitment made by the drivers, and the actual use of
their vehicles (individual performance).Thedemand forV2G
depends on the renewable generation and the availability of
vehicles, and the extent to which a car is used is limited
by the contract but depends also on other drivers and their
availability. With this model we want to provide insights into
designing contract parameters that are more aligned with
system goals, for example, self-sufficiency in this case.

Figure 3 shows the concepts of the model, distinguishing
the technical and social subsystems. As the figure indicates,
households have loads and PV panels, which feed the
microgrid at times of surplus to produce hydrogen using an
electrolyzer. Whenever PV generation is insufficient, FCEVs
are used, and ultimately power is imported if necessary.
Wind turbines are also used to produce hydrogen. Data
sources are used to input driving schedules to the drivers,
for the generation profile of PV panels, and for the electricity
consumption in households. The evaluation of the system
performance is based on the capacity of self-supply and the
amount of power imported. This model is based on our
previous work; please refer to [23] for more details on the
operation of the microgrid.

Agents and Objects.There are three agent types in the model:
the households, the drivers, and the microgrid operator.
The households are modeled as simple agents that have no
other behavior than updating the electricity consumption
and the PV generation. In this model, too, driver agents
represent both the characteristics of the driver and the car.
In principle they are part of the household agents, but the
link is not explored in this model. Drivers drive in and out
of the neighborhood according to their driving schedules.
Every driver owns a volume-based V2G contract object that
contains the parameters. The microgrid operator agent acts
like an aggregator and uses the information to know which
cars can be operated when needed. The microgrid operator
also controls the other technical components of the system,
such as the wind turbine and the electrolyzer.

Process Overview. At initialization, volume-based contracts
are created. Every hour, drivers either drive, refill, or plug in
their vehicle. Households generate electricity using their PV
panels and use it for self-consumption. Whenever there is a
surplus, it is injected to the local grid.Themicrogrid operator
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Figure 3: Agent-based model concepts: microgrid with fuel cell vehicles.

Table 6: Drivers and V2G contract initialization.

Variable Value
Driver agents

Number of drivers 50
Driving schedule Using distribution derived from [41], weekdays and weekends
Parking profile Home hours
Initial fuel level (kg) Random from 3.0 to 5.65 (max)

V2G contract
Time: start Arrival time + random gamma distribution (shape = 3, scale = 0.5)
Time: duration Random [50–100%] of parked hours
maxVolume Random [30–90 kWh]

checks the balance in the microgrid: if additional power is
needed, it operates available FCEVs, taking into account the
limits set by the contract parameters; if there is a surplus from
the PV panels and whenever the wind turbine is generating
electricity the electrolyzer is used to produce hydrogen,which
is stored in the neighborhood. If the microgrid is not capable
of supplying enough power or when the electrolyzer capacity
is exceeded, power is exchanged with the distribution grid.

Inputs for Simulation.We initialize the agents with the inputs
indicated in Table 6. Since we want to represent the possible
varying degrees of FCEV availability due to heterogeneous
preferences, we randomly initialize the contract parame-
ters within reasonable bounds. For the time interval (start,
duration), we define the start by using a random gamma
distribution to delay the plug-in time after arrival and choose
a duration that ranges from 50 to 100% of the total daily
parked time. The maximum volume committed is chosen
randomly between 30 and 90 kWh (1.5–4.5 kg hydrogen). In
practice, these parameters would be defined by the drivers
based on their preferences.The actual distribution of contract

parameters in a group of drivers could be very different than
the one from this model. Data on driver preferences could
be used as input in the V2G contracts of the model, instead
of the random values. The model is simulated for 168 steps
(one week) for the months of March, June, September, and
December, as well as for 8760 steps (one year).

4.3.2. Results. The results in Table 7 show that in the one
week periods in June and September the microgrid is self-
sufficient and electricity is not imported. The volume of V2G
provided on average every day by each car is also the lowest
in those months: 13.25 and 17.9 kWh per day. In the weeks
in March and December, there is more demand for V2G
from FCEVs, but the microgrid still has to import electricity.
On a yearly basis, the microgrid needs to import about 8%
of the electricity consumption, and on average every car
provides about 21 kWh per day. In the yearly simulation
run, the average maxVolume is 28.36 kWh in weekdays and
29.72 kWh in weekends. This means that on average more
volume was committed than actually used. This does not
mean that drivers should commit lower volumes, because
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Table 7: Results: system and driver performance.

RUN System performance Implication for drivers
Self-sufficiency % Total imports (kWh) Avg. daily plug-in hours/car Avg. daily volume/car (kWh)

March 97.89% 186.74 7.2 24.79
June 100% 0.0 7.9 13.25
September 100% 0.0 7.5 17.9
December 83.03% 2,003.29 7.0 28.0
Year 92.31% 32,292.77 7.0 21.29
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Figure 4: Number of FCEVs needed versus those operated every
hour, in a week in December.

there are still moments in which power has to be imported
after all available FCEVs are used. The times of demand for
V2G also have to match the times when FCEVs are available.

There are two things that these results indicate. First, as
the demand for V2G changes with the seasons due to the
weather-dependent PV generation, the contract parameters
could be adjusted to reduce the commitment from drivers in
the summer months and increase it in the winter months.
The difference between the average volumes in June versus
September or December shows that there is opportunity to
reduce contract parameters in summer. Second, with the
same level of commitment, self-sufficiency in the system
could be improved by adjusting the parameters to increase
availability at times it is needed. As Figure 4 shows, there
are certain hours where there is a shortage of vehicles (in
red). When the potential moments of reduced availability
are known, the operator can reward drivers for adjusting
their time availability as well as the volume. As shown in
Figure 5, in the summer months there is lower demand for
FCEVs and there is no shortage. These results, although only
illustrative, show that volume-based contracts can be used to
allow drivers to participate in amore flexible waywhile taking
into account the system performance.
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Figure 5: Number of FCEVs needed versus those operated every
hour, in a week in June.

Although not included in this paper, control-based con-
tracts could also be used in this system. In our previous
research, we provide a comparison between volume-based
and control-based contracts in the same microgrid [46].

In the model, the contract parameters of every driver
agent depend on their driving schedule, which is constant
for weekdays and weekends. With the availability of data
on drivers’ preferences and day-to-day variability of driving
behavior, this model could be used to answer different if-then
questions.

5. Conclusions

In this paper we discussed the need to explore new types of
contracts for the operational coordination of vehicle-to-grid.
The current literature presents only one form of contract,
but it may not be suitable for all markets and types of
V2G supply, as it has been proven that in markets with
different characteristics the value of certain parameters is
more appropriate than others.

We introduced three different types of contracts, the
first two of them being new in the V2G contract literature:
price-based, volume-based, and control-based contracts. We
also proposed a set of parameters in each contract, which



10 Complexity

distinguishes them in terms of availability commitment and
the activation criteria, as well as the type of remuneration.We
defined these parameters specifically for FCEVs.

To illustrate the use of different contract types for the
coordination of V2G, we developed two agent-based models.
The V2G contracts were formalized in each model as the
set of rules used by the aggregator to control the FCEVs.
The models presented in this paper are exploratory, and
therefore they can help us gain insights about the relationship
between driver needs, contractual agreements, and system or
aggregator goals and increase our knowledge on the role of
contracts in the implementation of V2G.

In the first model we show how price-based contracts
can be used in the participation of FCEVs in the day-ahead
market. Using the minimum price in the contract and the
market price forecast, aggregators place offers to sell V2G.We
compared a scenario with homogeneous and heterogeneous
minimumprices, and the results show that when all prices are
the same the net profits are higher.When there are differences
in the minimum price within a vehicle pool, the aggregator
tends to offer V2G at higher prices. As a result, the average
revenues per kWh are higher but the total profits are lower
due to reduced sales. Some drivers lose the opportunity to
sell due to the higher offering prices.The results show that the
strategies of an aggregator in the market have to be explored
in combination with the drivers’ contract parameters, espe-
cially when drivers have different preferences.

In the second model we show how volume-based con-
tracts can be used in a microgrid with renewable generation,
storage, and FCEVs. We let the drivers choose the contract
parameters and see that (1) demand for V2G varies across
seasons and (2) the availability pattern does not match the
demand pattern at all times, which is especially visible in
months of solar generation shortage. This opens up possi-
bilities to adjust contracts to increase participation when it
is most critical and to reduce the commitment for drivers
whenever V2G demand is relatively low, such as in the
summer months. The results show that in such a system
where the overall system performance (e.g., self-sufficiency)
may be valued, contract parameters can be used to align the
system goals and characteristics with the participation and
availability of drivers.

In terms of implementation of V2G, the contract types
presented in this paper can be used by aggregators to choose a
market for V2G and then attract drivers with the characteris-
tics that can be suitable for that market, and vice versa. More-
over, aggregators can use the structure of contracts to design
incentives for the participation of drivers, for example, by
rewarding availability, energy, or the commitment of time or
volume. Although it was not the focus of this paper, the con-
tracts presented here and the agent-based models could be
used in the process of designing energy systems with vehicle-
to-grid from a complex sociotechnical systems perspective.
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[2] W. Kempton and J. Tomić, “Vehicle-to-grid power fundamen-
tals: calculating capacity and net revenue,” Journal of Power
Sources, vol. 144, no. 1, pp. 268–279, 2005.
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In future electrical distribution systems, component heterogeneity and their cyber-physical interactions through electrical lines
and communication lead to emergent system behavior. As the distribution systems represent the largest part of an energy system
with respect to the number of nodes and components, large-scale studies of their emergent behavior are vital for the development
of decentralized control strategies.This paper presents and evaluates DistAIX, a novel agent-basedmodeling and simulation tool to
conduct such studies. The major novelty is a parallelization of the entire model—including the power system, communication
system, control, and all interactions—using processes instead of threads. Thereby, a distribution of the simulation to multiple
computing nodes with a distributed memory architecture becomes possible. This makes DistAIX scalable and allows the inclusion
of as many processing units in the simulation as desired. The scalability of DistAIX is demonstrated by simulations of large-scale
scenarios. Additionally, the capability of observing emergent behavior is demonstrated for an exemplary distribution grid with a
large number of interacting components.

1. Introduction

The integration of new technologies enabling the energy
transition towards an efficient, environment-friendly, and
overall sustainable energy system increases the complexity of
distribution systems immensely. New technologies encom-
pass renewable energy sources, storage systems, informa-
tion and communication infrastructures, and new control
approaches. The rise in system complexity is a result of
the diversity of these technologies with respect to their
individual characteristics, time-wise properties, and level of
controllability of their behavior. Considering the growing
complexity of the systemand the different levels of interaction
of components, it can be expected that its overall nature
cannot be determined based on the behavior of individual
components [1]. The state of the system will no longer be
given by the states of the components, but results from their
nonlinear cyber-physical interactions.The specific evolution,

which is a result of interactions in the system and does not
coincide with any of the components’ behaviors, is called
emergent behavior [2].

Emergent behavior is in contradiction with linear system
behavior because a linear superposition of subsystems’ behav-
iors results again in a linear systemwith full predictability and
easy calculation. In emergent systems, nonlinear interactions
between system components preempt linearization of the
system behavior [2], making classical small-signal model-
ing impossible. To analyze the system behavior of future
distribution systems at a meaningful scale prior to their
implementation in the real world, a scalable modeling and
simulation approach is required which is able to create the
emergent system behavior based on nonlinear interactions of
the system’s components. The tool DistAIX (for DISTributed
Agent-based sImulation of compleX power systems) pre-
sented in this paper includes the following contributions
addressing this requirement:
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(i) Components: a system component is modeled as
an agent with respect to the component’s electrical,
communicative, and control behavior.

(ii) Emergent behavior: system behavior results from
agents’ cyber-physical interactions. Edges between
agentsmodel the infrastructures of the system that are
used for interactions of components, that is, electrical
lines and communication links.

(iii) Scalability: the agent-based model is parallelized
using processes with respect to the electrical topology
of the system under study. This allows a distributed
simulation of the model on multiple computing
nodes.

Agent-based modeling is used for the definition of compo-
nents as autonomous elements of a multiagent system. Other
approaches such as metaheuristics have been previously used
for analysis and optimization problems in complex energy
systems [3]. This approach is not considered here because
we do not target a search for the solution of an optimization
problem, but the observability of a system behavior that
emerges from components’ interactions. Agent-based mod-
eling has been proven to be a powerful method for modeling
emergent behaviors of complex systems [4, 5]. Specialized
simulation tools for agent-based modeling in general [6]
and power system modeling and simulation in particular
[7] have been proposed in the literature. For example, the
tool GridLAB-D is capable of coupling the modeling of the
domains power, thermal, control algorithms, and market in
an agent-based modeling approach.

DistAIX is not the attempt of a GridLAB-D duplicate,
but it aims specifically at improving scalability of agent-based
modeling and simulation for distribution systems. GridLAB-
D uses a power-flow module with an algebraic solver for
the computation of currents and voltages of the system [7].
This limits its scalability to the one of the algebraic power-
flowmodule. A parallelization using POSIX threads has been
proposed for GridLAB-D [8]. Parallelization with threads
instead of processes limits the number of usable computing
nodes to one due to general memory locality restrictions of
threads [9].

DistAIX parallelizes the computation of the agent-based
model with processes and makes use of multiple distributed
computing nodes, for example, as available in computing
centers. The memory can be spread over multiple computing
nodes as each process has its own memory address space.
By using distributed memory and computing architectures,
the simulation of large, for example, nation-sized, energy
systems is possible [10]. We propose and combine methods
that address the arising challenges for distribution system
simulation, such as distributed power-flow computation and
message handling.

For a combined modeling and simulation of power
system, communication system, and control, several cosimu-
lation platforms have been proposed in the literature [11–16]
coupling different tools for distribution system, transmission
system, communication, or market simulations. In addition
to the stand-alone usage, DistAIX also extends the pool of
modeling and simulation tools that can be cosimulated with

others. A co-simulation of multiple large-scale distribution
systems with DistAIX coupled with the simulation of a
transmission system using a different tool is a possible use
case. For example, the platform GridSpice [14] could be
used as scaling interface if a respective interface is added to
DistAIX. As we focus on the presentation and analysis of
DistAIX, cosimulationwith other tools is not considered here
and left for further research.

Models of the components’ behaviors are required to
embed the possibility that emergent behavior, that is, non-
linearity, plays a critical role in the final solution. These
models can either be derived from literature or be found
experimentally. Especially for the control behavior, DistAIX
can serve as a testing environment during development of
a future control strategy. New component behavior models
can be developed using DistAIX. Despite the individual
behaviors of the components, the determination of their
electrical as well as communication interactions is vital for
an analysis of emergent behavior. Efforts have been made
for the identification and formalization of the calculation of
interactions on electrical level [17]. Combining electrical with
communication interactions and cyber-physical interactions
in one scalable modeling and simulation tool is one of the
contributions of this work.

Unlike traditional energy system simulation tools, for
which [18] provides an overview, DistAIX does not target a
system level solution. A fully decentralized implementation
of the iterative forward-backward sweep method [19] is
used for the determination of voltages and currents at all
nodes. For this method, only the local neighbors in the
electrical grid need to be known to each node and component
[19]. No system level solver for the power-flow calcula-
tion is required which eases the distribution of the model
to multiple processes. Communication links are modeled
based on individual properties such as latencies. Messages
are exchanged between components along these links and
are routed from one process to another where and when
necessary. Thereby, all interactions of components can be
calculated by distributed computing resources.

We believe that a simulative study of new control strate-
gies for future distribution systems at large-scale is an essen-
tial part on the way towards realization. Distribution systems
are the largest part of the electrical supply system with
respect to the number of electrical nodes and components.
In our opinion, a resilient analysis of emergent behavior
of distribution systems requires a model that includes all
components and their behaviors. For that reason, modeling
and simulation for such systems need to be scalable. We
present a simulation tool that finds a useful parallelization of
an agent-based model for a given set of computing resources
and distributes the computation to these resources. DistAIX
is designed to keep the computation time for large-scale
simulations of emergent system behavior manageable while
at the same time enabling a highly flexible modeling of
individual component behaviors in agents.

The paper is organized as follows: Section 2 introduces
the challenges and related research in the field of scalable
agent-based modeling and simulation of energy systems. In
Section 3, DistAIX is presented in detail while Section 4
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defines the evaluation methodology. Section 5 discusses the
results and Section 6 concludes this work.

2. Scalable Agent-Based Modeling and
Simulation of Energy Systems

Modeling and simulation of complex agent-based energy sys-
tems face the following challenges when the size of the system
under study and/or the number of available computing nodes
grows:

(1) Computation of power-flow
(2) Interagent data flow
(3) Result data acquisition.

A scalable modeling and simulation tool needs to address the
aforementioned challenges. An outline on solutions found
in the literature and how DistAIX makes use of them is
discussed in the following subsections.

2.1. Computation of Power-Flow. For the execution of a dis-
tribution systemmodel on distributed computation resources
it is essential that methods working without a centralized
point of knowledge on all system variables are chosen. This
is especially important for the calculation of voltages and
currents in the system under study. Hence, a decentralized
power-flow calculation is needed, which can be formulated in
the intended way.This topic has been extensively investigated
in recent years, resulting in several decentralized power-flow
formulations.

In [20, 21] the grid is divided into a set of subgrids.
Two neighboring subgrids share common buses, the so-
called boundary buses. For each subgrid, the power-flow
is solved independently and the injected power from all
neighboring subgrids is calculated subsequently considering
the voltage mismatch of boundary buses. This process is
repeated iteratively until the power-flow solutions of all
subgrids converge. While the overall solution is found in a
decentralized way, the power-flow computation within one
subgrid is carried out centrally using algorithms such as
Newton-Raphson.

Other approaches aim at solving the Gauss-Seidel algo-
rithm in a decentralized way [22]. Each node calculates
its voltage using the previously calculated voltage of all
neighboring nodes. The new voltage value is passed to the
next node which then also updates its own voltage. In
this approach the calculation is performed on node level.
However, the convergence of Gauss-Seidel can be consid-
ered comparatively slow. In [23] an accelerated Gauss-Seidel
implementation using FPGAs is presented. Their approach
is not compatible with the requirement for a decentralized
power-flow calculation as mentioned above.

Another algorithm that can be used for decentralized
power-flow calculation of radial power grids is the so-called
forward-backward sweepmethod. It has been used for agent-
based smart grid simulation [24, 25] and consists of three
iteratively repeated steps [19]:

(1) Calculation of nodal currents: at each node, the
current injections into all components connected to a

node are calculated for a given nodal voltage. In the
first iteration, all nodal voltages are initialized with
the rated voltage. The nodal currents are obtained by
summing up all component currents of a node.

(2) Backward sweep: starting at the last node of each
feeder, the current flows through all branches are
calculated by applying Kirchhoff ’s current law at the
nodes.

(3) Forward sweep: starting at the slack node, all node
voltages are updated based on the branch impedances
and the previously calculated branch currents.

Note that there are also other formulations of the forward-
backward sweepmethodwhich calculate power-flows instead
of current flows in the backward sweep [26]. Forward-
backward sweep provides considerable advantages for an
agent-based simulation. The most important ones are as
follows:

(i) The calculation is performed on node level and is
therefore highly decentralized. The electrical system
behavior emerges from the electrical interactions of
agents.

(ii) The algorithm makes use of the radial structure
of distribution grids. As a result, the processing of
forward and backward sweep in each feeder can be
computed in parallel.

(iii) The electrical behavior of grid components is calcu-
lated independently for each component in the first
step. Hence, this step can be parallelized.

(iv) Sufficient convergence has been shown for this algo-
rithm [27].

For DistAIX, we choose the forward-backward sweep tech-
nique presented in [19] as the given advantages ensure the
required scalability feature and allow a system analysis based
on the behavior and interactions of single components. Since
the algorithmmakes use of the structure of a distribution grid
it is not able to deal with meshed grids. Extensions described
in literature solve this problem for weakly meshed grids [19]
such as electrical distribution systems.

2.2. Interagent Data Flow. The separation of a distribution
system model into subparts for distributed computation
demands an interagent data flow organization that handles
the distributedmemory architecture in a scalable way. Intera-
gent data flowmeans the cyber-physical interactions of agents
which can take place within a model subpart and between
different model subparts. Two approaches addressing this
challenge have been identified in existing agent-based mod-
eling and simulation frameworks [28]:

(i) Message boards: Flame [29]
(ii) Agent copy and update: RepastHPC [30].

Both frameworks use the Message Passing Interface (MPI)
to parallelize the simulation on multiple computing nodes.
Flame uses amessage board in each process for the realization
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of agent interactions. Agents use the message board in their
process to exchange data with other agents and messages are
broadcast via MPI either to all or to a set of other agents.

The agent copy and update approach of RepastHPC is
illustrated in Figure 1 for a small example with two processes
and two agents. The methodology is introduced in [30].
Agent A in process 1 requires data of agent B that belongs
to process 2 and vice versa. The required data can be voltage
and currents, for example. In RepastHPC, process 1 creates
a copy of agent B in its own memory space. Process 2 does
the same for agent A. If agent A in process 1 needs to
access data of agent B, it reads from the copy in process 1
and not from the original agent. Agent-networks between
original and copy agents within the same process (red arrows
in Figure 1) are called SharedNetworks in RepastHPC and
are maintained in their own data structure. Copies are only
created for agent links that go across processes, that is, across
subparts of the model. Whenever required, the copies can
be updated with the state of the original agents by calling
an MPI-based synchronization method of RepastHPC (blue
arrows in Figure 1). In contrast to Flame, this method does
not use broadcast but asynchronous message sending and
receiving via MPI. In the example, the copy of agent B in
process 1 is updated with the state of the original agent
B and the copy of agent A is updated with the state of
the original agent A. The state of the agent copy is never
transferred back to the original agent. Thereby, frequent
interprocess communication is avoided and the programmer
has full control on the points in time when copy updates are
necessary.

As has been shown in [28], RepastHPC’s scalability
outperforms the one of Flame because of this difference
in the realization of agent interactions. Also, the memory
consumption of RepastHPC stays constant for increasing
number of processes used in the simulation while Flame’s
memory consumption increases [28]. Due to these benefits,
RepastHPC is used for the implementation of DistAIX. Two
agent network structures (SharedNetworks) are used in each
process to organize physical and cyber interactions of agents.
For more details on the implementation refer to Section 3.5.

2.3. Result Data Acquisition. Storing of simulation time
dependent and independent data should put only minimal
stress on the computation resources while at the same time
the analysis of result data and postprocessing have to be
flexible and convenient. The following two problems need to
be solved in an efficient way by a data acquisition solution:

(i) Store huge amounts of data per simulation time step.
(ii) Read specific result data for postprocessing and anal-

ysis.

Connecting the simulation to a database system is one
possible solution; for example, GridLAB-D offers an interface
to a MySQL database [31]. Relational databases such as
MySQL and PostgreSQL are useful for storing simulation
time independent data, that is, the metadata of the agents
and the model. However, they have problems in processing
large amounts of data at once in either direction, writing

to or reading from the database. Benchmarks have shown
that NoSQL databases have a better performance when it
comes to fast storing of large amounts of data [32, 33]. For
these reasons, DistAIX is interfaced with both a PostgreSQL
database for meta information and a NoSQL database cluster
based on Cassandra for storing simulation time dependent
data in a scalable database system.

With respect to the huge amounts of data that need to be
acquired by the database system, serialization of data seems to
be a good option. Protocol Buffers [34] have proven to be an
efficient method for data serialization and deserialization in
other fields of application [35, 36] and are therefore explored
here for the decrease of time to write data to the Cassandra
database.

3. Modeling and Simulation with DistAIX

DistAIX is presented in this section. Section 3.1 discusses how
RepastHPC is used for the parallelization of a simulation and
Section 3.2 discusses the distribution of agents to processes.
In Section 3.3 we comment on the time step whereas details
on the modeling of agent behaviors and all agent types
are provided in Section 3.4. Section 3.5 focuses on agent
interactions and discusses the computation of communica-
tion as well as electrical interactions. Finally, the setup of a
simulation is addressed in Section 3.6.

3.1. Parallelization with RepastHPC. RepastHPC uses MPI
to parallel a simulation on a high performance computing
(HPC) system. A simulation is launched via mpiexec with
options specifying the hosts to use and the number of
processes to start. Each process executes one part of the agent-
based distribution systemmodel. In DistAIX, this is reflected
by a C++ class Model which defines how each process is
configured, for which agents it is responsible, and which
connections exist among agents in this process and to agents
in other processes. The Model class also defines the schedule
of a process and data that need to be synchronized with other
processes.

Figure 2 shows the schedule of a process. The first step is
the initialization and encompasses the creation of all agents
of the process and all electrical connections between agents
in this process. Further, the electrical connections to agents
in other processes are established by the creation of copies of
these agents in the process. If these copies were not created,
electrical connections between agents belonging to different
processes would be missing in the simulated model. This
would lead to wrong simulation results. The model is kept
synchronous and consistent by updating copies with the state
of the original agent according to the copy update method
explained in Section 2.2. Agent copies are updated between
each step of the process schedule (white boxes in Figure 2)
and also during the forward-backward sweep step to reach
convergence.

After the initialization, a process executes simulation
steps for a given simulation step size (loop in Figure 2).
The agent messages and individual control behaviors are
processed in step 2. This part of the simulation considers
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Figure 1: RepastHPC’s agent copy and update synchronization.
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Figure 2: Schedule of each process as defined in Model C++ class.

the communication network infrastructure (how commu-
nication links are modeled is explained in Section 3.5) as
well as the control strategy under study. At the beginning
of step 2, agent messages have to be synchronized between
processes. After that, a process executes the behaviors of all
of its agents independently for each agent. Step 3 of a process
is the calculation of current and voltage at each node using the
iterative forward-backward sweepmethod until convergence.

The calculation of the forward-backward sweep algo-
rithm is parallelized according to its three phases as explained
in Section 2.1. Similar to the message processing, the cal-
culation of nodal currents is done independently of other
agents.The algorithm iterates backward and forward through
the grid topology in sweeps. During a sweep, only one node
per feeder can be active. After a sweep is completed, an
agent copy update is required to synchronize newly computed
values of currents and voltages at electrical agent connections
spanning over twoprocesses.The three phases of the forward-
backward sweep algorithm are repeated until convergence
is reached. Step 4 of a process is composed of preparing
the next simulation time step, that is, saving results of
this step and resetting internal state variables used during
forward-backward sweep iterations. This final step is done
independently for each agent.

3.2. Distribution of Agents to Processes. Agents need to be
distributed to processes in such a way that processes wait for
others the least amount of time.The topology of the electrical
grid influences a good distribution of agents as only one agent
per feeder can be active in the forward-backward sweeping
at once. It can be expected that the number of processes

beneficial for the parallelization depends on the electrical
topology of the system and is therefore limited.

We adapt a node scheduling method [37] to work with
contiguous sequences of successive nonbifurcating nodes
of the electrical grid, called workitems in the following.
Workitems are the parts of the grid in which only one node
can be active in forward-backward sweeping at once. The
electrical topology of the grid under study is analyzed at the
start of a simulation. Workitems are determined by parsing
the graph topology of the grid under study with a depth-first-
search algorithm.Thedistribution of node agents to processes
works in the following steps:

(1) Leaf node agents and their depth in the topology are
determined.

(2) If the number of processes available is 𝑚, the 𝑚
deepest leaf node agents are selected (or less if there
are less than𝑚 leaf nodes in the topology).

(3) The 𝑚 workitems in which the selected 𝑚 leaf node
agents are included are assigned to one of the 𝑚
processes so that all 𝑚 processes are responsible for
the nodes contained in one workitem. If 𝑛 < 𝑚 leaf
node agents were selected in the previous step, the
number ofworkitems andprocesses in this step is only
𝑛.

(4) From now on only the topology of the remaining
nodes agents which are not yet assigned to a process
is considered. Continue with step 1 if there are still
nodes agents to be assigned to a process. Otherwise,
all node agents are distributed to processes.

Transformer agents and slack agent are both treated as node
agents regarding their distribution to processes. Compo-
nent agents (load, electric vehicle (EV), photovoltaic (PV),
combined heat and power (CHP), wind energy converter
(WEC), battery, and compensator) are always created in the
process where the node agent they are connected to is located.
Note that this procedure does not guarantee the usage of
all available processes. The topology of the electrical grid
influences the number of processes in use. This is user-
friendly as only the maximal available number of processes
needs to be known, but not the optimal number with respect
to the system under study. If more processes are available
than useful, the dispensable processes are idle during the
simulation and do not impede the calculations.

3.3. Simulation Time Step. The size of a simulation time
step is fixed for one simulation. The main reason for this
is that the occurrence of communication events cannot be
predetermined due to emergence in the system. A variable
time step would increase the chance to miss time steps in
which communication occurs. Another aspect to bear in
mind is the distributed simulation approach itself. As the
time step has to be the same in all processes, additional
synchronization would be necessary for the determination of
the time step size and the spreading of this information to all
processes.The overhead caused by the required synchroniza-
tion could possibly outweigh the performance improvements
of a flexible time step.
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However, the number of calculations per time step on
agent level can be reduced. For example, the recalculation
of nodal currents in step 1 of the forward-backward sweep
algorithm can be managed in an event-driven way so that a
recalculation is done only when an event has occurred in the
signal of the nodal voltage. This can be an attempt to reduce
the computational effort for component agents in the future.
However, for a first demonstration of DistAIX we have not
implemented such a method yet.

3.4. Agent Behaviors. To draw conclusions on emergent
behavior of the system, the agent models used in DistAIX
are discussed in this section. Equations for the electri-
cal agent models are provided to show their role in the
forward-backward sweep iterations. Each agent represents
a component of the distribution system and consists of
an electrical model, behavior rules for the control, a state
and knowledge, and communication capabilities. Figure 3
provides an overview about the interconnection of these parts
within the agent model.

The electrical model of an agent and its communication
capabilities influence the state of the agent and its knowledge
about other components in the system.The control algorithm
of an agent is defined by its behavior rules operating based
on the current state and knowledge. Behavior rules result in
both control signals influencing the electrical model (right
side in Figure 3) and triggers for information exchange using
the communication capabilities (left side in Figure 3). An
agent can be connected to other agents in no more than two
ways: via communication and/or electrical network. Detailed
descriptions of the electrical steady state models are provided
in the following subsections. In the equations below, variables
indexed with “ctrl” indicate that this value is a control signal
determined by the control behavior rules of an agent.

3.4.1. Slack Agent. In the forward sweep, the nodal voltage of
the slack is calculated to be

Vnode = 𝑉𝑛
√3 cos (𝜗slack) + 𝑗

𝑉𝑛
√3 sin (𝜗slack) . (1)

𝑉𝑛 is the nominal voltage and 𝜗slack is the defined voltage angle
at the slack node, usually set to zero. In the backward sweep,
the output current of the slack node flowing to the next node
is

𝑖out = ∑
𝑛∈𝑁

𝑖in,𝑛 + 𝑖leak,𝑛, (2)

where 𝑁 is the set of all next nodes, 𝑖in,𝑛 is the incoming
current of node 𝑛, and 𝑖leak,𝑛 is the leakage current of the line
connecting the slack node and node 𝑛.

3.4.2. Node Agent. In the forward sweep, the nodal voltage is
obtained by

Vnode = V𝑝 − 𝑖out,𝑝 (𝑅𝑙 + 𝑗𝑋𝑙)

+ V𝑝
(𝐺𝑙 + 𝑗𝐵𝑙) (𝑅𝑙 + 𝑗𝑋l)

2 ,
(3)

Agent

Behavior rules

Knowledge & state

Communi-
cation

Electrical
model

Electrical
network

Communication
network

Trigger in-
formation
exchange

Control
signal

Figure 3: Model of a component agent and its connections to
electrical and communication networks.
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Figure 4: Single-phase reference circuit of a power line.

where V𝑝 is the nodal voltage of the previous node, 𝑖out,𝑝
is the output current of the previous node, 𝑅𝑙, 𝑋𝑙, 𝐺𝑙, 𝐵𝑙 are
parameters of the connecting PI-line (see Figure 4). In the
backward sweep, the output current from the previous node
is

𝑖out,𝑝 = 𝑖out + 𝑖leak + ∑
𝑐∈𝐶

𝑖𝑐, (4)

where 𝑖out is the output current of the investigated node, 𝑖leak
is the leakage current of the line connecting this and the
previous node, 𝐶 is the set of all components connected to
the node, and 𝑖𝑐 is the component current.

3.4.3. Transformer Agent. The transformer model is com-
posed of an RX-line and an ideal transformer as depicted in
Figure 5. In the forward sweep, the secondary node voltage is
obtained by

Vnode =
Vin − 𝑖out,𝑝 (𝑅𝑡 + 𝑗𝑋𝑡)

𝑢 , (5)
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Figure 5: Single-phase reference circuit of a transformer.

with the input current from the previous node 𝑖out,𝑝, the input
voltage at the primary node

Vin = V𝑝 − 𝑖out,𝑝 (𝑅𝑙 + 𝑗𝑋𝑙) + V𝑝
(𝐺𝑙 + 𝑗𝐵𝑙) (𝑅𝑙 + 𝑗𝑋𝑙)

2 , (6)

the transformer parameters 𝑅𝑡 and 𝑋𝑡, and the turns ratio 𝑢.
𝑅𝑙,𝑋𝑙,𝐺𝑙, and 𝐵𝑙 are parameters of the PI-line connecting the
transformer with the previous node. In the backward sweep,
the output current from the previous node is

𝑖out,𝑝 = 𝑖out
𝑢 + 𝑖leak, (7)

where 𝑖out is the sum of all currents flowing to the next nodes
and 𝑖leak is the leakage current of the line between this and the
previous node.

In DistAIX we use transformers with an On Load Tap
Changer (OLTC) capability. Therefore, the turns ratio can be
adjusted within a symmetrical range 𝑟 around the nominal
value 𝑢nom. This is done in discrete steps𝑁ctrl where

−𝑁 ≤ 𝑁ctrl ≤ 𝑁 (8)

has to be satisfied and𝑁 is the number of possible steps. The
turns ratio is then calculated as

𝑢 = 𝑢nom ⋅ (1 + 𝑁ctrl
𝑟
𝑁) . (9)

3.4.4. Load Agent. The load model has an integrated profile
providing the active and reactive power demand for each step.
The component current is then calculated to

𝑖𝑐 = 𝑃 + 𝑗𝑄
3Vnode . (10)

3.4.5. Electric Vehicle Agent. An EV is represented by a
battery with a capacity 𝐶el that is periodically connected to
the grid. The connection status is provided by a profile. If
the EV is not connected to the grid, it has a certain power
consumption 𝑃con which is also stored in a profile and leads
to a discharge of the EV’s battery. For times of disconnection
the model output is

𝑖𝑐 = 0, (11)

with state of charge (SOC) of the battery being

SOC = SOCold −
𝑃con ⋅ 𝑡step

𝐶el
. (12)

If the EV is connected, the battery can be charged with an
adjustable active power. Moreover, the EV is able to provide a
certain amount of reactive power as it is connected to the grid
via a converter.With the control values for active and reactive
power 𝑃ctrl and 𝑄ctrl the component current is

𝑖𝑐 = 𝑃ctrl + 𝑗𝑄ctrl
3Vnode , (13)

and the SOC is

SOC = SOCold +
𝑃ctrl ⋅ 𝑡step

𝐶el
. (14)

The EV agent ensures that the component’s hardware limi-
tations such as converter capabilities as well as the battery
capacity are not violated. Location variability of EV is not
considered here as it does not influence the applicability of
DistAIX but only the control strategy under study.

3.4.6. Photovoltaic Agent. Themodel of a PV system is based
on a performance prediction model [38] calculating the
amount of active power𝑃max that can be generated. It requires
the solar irradiance and the temperature as input data. Similar
to an EV, PV systems are connected via a converter and
can therefore provide reactive power. Furthermore, the active
power supply can be curtailed if necessary. This leads to
the equation for the component current (see (13)) where the
control value for reactive power has to be within the limits
of the converter and the control value for active power has to
satisfy

−𝑃max ≤ 𝑃ctrl ≤ 0. (15)

Note that 𝑃ctrl is negative since active power is produced and
not consumed.

3.4.7. Wind Energy Converter Agent. TheWECmodel makes
use of a polynomial relation between wind speed and output
power [39]. Hence, the model uses a wind speed profile as
input data. Power generation starts when theminimum speed
V𝑠 is reached. Up to the rated speed V𝑟, generation continues
following a polynomial relation. Maximum generation 𝑃𝑟 is
present until the cut off speed V𝑐 is reached. This relation is
illustrated by the following equations:

𝑃max (V) = 0, V < V𝑠,
𝑃max (V) = 𝑎 ⋅ V3 + 𝑏 ⋅ V2 + 𝑐 ⋅ V + 𝑑, V𝑠 ≤ V ≤ V𝑟,
𝑃max (V) = 𝑃𝑟, V𝑟 ≤ V ≤ V𝑐,
𝑃max (V) = 0, V > V𝑐.

(16)

Between speeds V𝑠 and V𝑟, the relationship between wind
speed and maximum output power is described by a third-
order polynomial with coefficients 𝑎, 𝑏, 𝑐, and 𝑑 which are
found so that a continuous curve is obtained. Similar to the
PV and EV, the WEC is connected to a converter, which
leads to similar constraints and enables the control of active
power 𝑃ctrl and reactive power 𝑄ctrl, as shown in (13), while
respecting the limits of the generation unit (see (15)).
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3.4.8. Combined Heat and Power Agent. The CHP model
consists of three main components: combustion engine, syn-
chronous generator, and heat exchanger. In a CHP, mechan-
ical power supplied by a combustion engine is converted
to electrical power by a generator. The occurring heat can
be used directly for building heating or stored for later use
in a thermal storage. Thus, the total fuel input power 𝑃𝑐 is
composed of the thermal output power 𝑄th, the electrical
output power 𝑃el, and losses 𝑃loss:

𝑃𝑐 = 𝑄th + 𝑃el + 𝑃loss. (17)

Thermal and electrical output power are determined con-
sidering a thermal and electrical efficiency 𝜂th and 𝜂el,
respectively.With the control value for electrical active power
𝑃ctrl, the required fuel input power is

𝑃c = 𝑃ctrl
𝜂el , (18)

resulting in the thermal output power

𝑄th = 𝜂th𝑃𝑐 = 𝑃ctrl 𝜂th𝜂el . (19)

Moreover, the CHP can produce reactive power, as the
power factor of the synchronous machine can be affected by
controlling its excitation within the limits of the machine.

To simulate the CHP, a profile is required providing
the thermal power demand 𝑄dem for building heating at
each time step. The agent considers 𝑄dem and the currently
stored thermal energy 𝐸th and controls 𝑃ctrl and 𝑄ctrl of the
CHP model which returns the actual 𝑖𝑐 to the simulation
analogously to (13). The SOC of the thermal storage with
capacity 𝐶th is updated accordingly to

SOC = SOCold +
(𝑄th − 𝑄dem) 𝑡step

𝐶th
, (20)

for the next time step. One constraint of the operation of the
CHP agent is the satisfaction of limits of the thermal storage.

3.4.9. Battery Agent. Similar to the EV agent, the bat-
tery agent controls a battery system. Its battery can be
charged/discharged with an adjustable active power and is
connected to the grid via a converter.This enables the control
of 𝑃ctrl and𝑄ctrl (see (13)). With respect to the loads of nearby
consumers, the battery agent releases power to or stores
power from the grid when necessary. Meanwhile, it ensures
that the battery’s operation boundaries will not be exceeded
in terms of (14).

3.4.10. Compensator Agent. The compensator can provide
capacitive reactive power to the grid to neutralize inductive
reactive power caused bymost loads. Reduction of grid losses
is the main reason for the utilization of a compensator. To
counter losses, the compensator is operated through𝑁 stages
of switchable shunt capacitors with a nominal susceptance of

𝐵nom. The agent controls the step size𝑁ctrl of the shunt banks
resulting in the grid connected susceptance

𝐵 = 𝐵nom
𝑁ctrl
𝑁 . (21)

The output current 𝑖𝑐 is calculated as follows:

𝑖𝑐 = 𝑗𝐵Vnode. (22)

3.5. Agent Interactions. As interactions play a major role
in emergent systems, they have to be modeled accurately.
RepastHPC’s SharedNetwork structure is used to model the
electrical network, where the agents are the nodes and com-
ponents in the network and cable models represent the edges
between them. A cable model includes an equation system
and parameters of a cable (see PI-line in Figure 4). Each
process stores the excerpt of the electrical network involving
its own agents and boundary agents to other processes in
a SharedNetwork object. This object is a part of the Model
class introduced in Section 3.1. The electrical interactions are
calculated based on the forward-backward sweep method as
explained in Section 2.1 and the SharedNetwork objects in the
processes.

A generic modeling of communication interactions and
communication edges requires a different approach. Assum-
ing that a control strategy may require flexible commu-
nication connections, communication between all agents
in all processes has to be possible. As the system under
study is emergent, it may be unknown in advance which
communication links will be used, that is, which agents
communicate with each other. If a SharedNetwork was
used for the modeling of communication links similar to
electrical edges, copies of all agents in all processes would
have to be synchronized. Hence, the SharedNetwork is not
a scalable method for explicit modeling of communication
edges, especially when only a small subset of all available
communication links is used.

For this reason, one message router is introduced in each
process (Figure 6). A message router does not represent
a hardware component of the distribution system but is
a method to implement the simulation of communication
between agents. In step 2 of a process schedule (see Figure 2),
the task of the message router is the collection of messages to
be sent from all agents in their process (orange in Figure 6).
For each message to be sent, the message router checks
the model of the communication link used by the message
transfer, for example, the latency or packet error rate of the
link. In case no specific communication link properties are
available, the user can define default values for all links. The
message router applies the communication link model to
determine whether or not a message has to be transmitted
in the current simulation time step. If the latency of a link
requires delaying a message, it will stay in a pending queue
of the message router and will be checked again in the next
simulation time step. If a message has to be transmitted to
the target agent, two cases have to be distinguished:

(1) If the target of a message is an agent in the process
of the message router, it will route the message to the
inbox of this agent.
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Figure 6: Modeling of communication infrastructure with message
routers in process 𝑛.

(2) If the target of a message is an agent in a different
process, the message is added to the out queue of the
message router.

Each process has a RepastHPC SharedNetwork in which
its own message router is connected to the message routers
of all other processes. Once all messages to be transmitted
are treated according to cases 1 or 2, the out queues of
all message routers are synchronized between all processes
via the SharedNetwork of message routers. Afterwards, each
process has an up-to-date copy of the out queue of each
message router. Each message router checks the others’ out
queues for messages that target an agent in its process and
routesmessages accordingly (red arrow in Figure 6).This way
of communication interaction modeling allows an individual
modeling of communication links and an efficient routing of
agent messages in the distributed simulation.

3.6. Simulation Setup. Figure 7 shows the setup of a sim-
ulation with DistAIX. The simulation time step size and
the number of time steps to simulate can be freely chosen.
However, they should be selected in a meaningful way for
the scenario and component models under study regarding
the desired resolution of electrical dynamics and message
exchange. Time series are used as input data for component
agents that require profile information. If a time step smaller
than the time step of the profile data is chosen, the profiles
can be either linearly interpolated using the respective func-
tionality of the GNU Scientific Library or the last value of the
profile is held until the next value of the profile is reached
by the simulation time. The user may choose between these
options when configuring a simulation.

The simulation scenario is configured by lists of the
nodes and components to be simulated and the electrical
lines. Furthermore, the properties of communication links
(e. g., package drop rates, latency) can be added as input
for the simulation if these parameters are relevant for the
scenario under study. It would also be possible to extend
the interfaces of the simulator so that scenarios available in
a Common Information Model (CIM) representation can
be used as input for the simulation tool. A method for the
automated transformation of CIM representations of distri-
bution systems to C++ classes has already been presented

Inputs HPC system Results

Agent-based
distribution

system model
in RepastHPC

Time step size

Number of steps

Scenario
Profiles

Link properties

CSV files

Database
(PostgreSQL +

Cassandra)

Graphical
web front-end· · ·

Figure 7: Simulation setup of DistAIX with inputs and results.

by our research group in [40]. For an initial demonstration
of DistAIX, we choose a less complex method of scenario
reading.

The user can choose between a simulation result output in
a PostgreSQL and Cassandra database system, comma sepa-
rated value (CSV) files, or both. Simulation results inCSV test
simulations have proven to be useful during development of
DistAIX due to their simplicity. Database output is integrated
into the simulator because it allows a structured and efficient
storage of large amounts of simulation data. It also enables
a resource saving of the computing resources as database
queries can be sent to the databases via a computer network
and do not need to be handled by the executing computer
system.

If the database is selected as result storage option, all sim-
ulation parameters, such as configuration of the simulation
and constant agent properties, are stored as metadata in a
PostgreSQL database. The result data of all agents for each
simulation time step is stored in a Cassandra database system
which currently consists of three nodes. The Cassandra
cluster is horizontally scalable according to user demands.
The three Cassandra nodes handle the storing of results
into the database during simulation and split the workload
automatically in a fair manner. For the database output, a
graphical web front-end is available enabling an easy and
efficient inspection and evaluation of simulation results. To
further reduce the time it takes to send the result data of each
simulation time step to the database, the data is serialized
using Protocol Buffers and sent in a binary format. For the
extraction of data from the database, the Protocol Buffers
need to be applied again for deserialization.

4. Evaluation Methodology

For the evaluation of correctness and performance of Dis-
tAIX, we address three aspects: correctness of the distributed
forward-backward sweep implementation, observability of
emergent behavior, and the scalability of the simulator on an
HPC system. The methodology used to address these three
aspects is discussed in the following subsections.

4.1. Correctness of Distributed Power-Flow Calculation. The
utilized method for the calculation of electrical interactions
is the forward-backward sweep method. Convergence of this
method has already been shown in [27]. DistAIX implements
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Figure 8: Low voltage distribution system for evaluation of correct-
ness of distributed forward-backward sweep implementation.

the algorithm in a distributed way. To demonstrate that our
implementation with processes provides numerically correct
results we select a small scenario and compare results to
those obtained from Modelica modeling and simulation of
the same scenario.Modelica is chosen for this demonstration,
due to its flexible use and free availability as OpenModelica.
As a metric to evaluate the correctness, we use the abso-
lute differences Δ between node voltages and line currents
obtained with DistAIX and Modelica as well as the number
of occurrences of such differences. From the voltage and line
current differences we derive conclusions on the correctness
of our implementation.

To obtain comparable results, the electrical components
are modeled according to Sections 3.4.1–3.4.10 in Modelica.
Further, the same profile data are used as input for the
electrical component models in both simulation environ-
ments. Control values for all components are found without
communication interactions by simple rules as presented
in the reference scenario in [41]. The distribution system
scenario used as reference is shown in Figure 8. All agent
types are used to ensure a general correctness of the presented
approach. For the Modelica simulation, we use the DASSL
solver with a tolerance of 10−6 and a time step of 60 s. The
same time step is applied to our simulator. Convergence of
simulation results is detected when all nodal voltages change
less than a certain 𝜖 between two iterations.The 𝜖 is set to the
value of the DASSL solver tolerance 10−6. The simulation is
executed for a complete day.

4.2. Observability of Emergent Behavior. Methods to detect
and characterize emergent behavior in complex systems

1,000

1,500

P
 (W
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t)

2 4 6 8 100
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Figure 9: Profile of single family household load.

are discussed in the literature, for example, [42–44]. Such
methods are always dependent on the application and system
under study. In order to analyze emergent behavior char-
acteristics of different control applications for distribution
systems, DistAIX enables observability of emergent behavior
in large-scale simulations. We demonstrate this functionality
by selecting one control application called SwarmGrid [41].
SwarmGrid is expected to result in emergent behavior of
the distribution system due to its bottom-up, decentralized
control strategy. In the SwarmGrid control concept, the
system level target is voltage stability of the system. Power
producers and consumers (agents) negotiate the amount
of power they supply or consume in a self-organized way.
Their main objective is the usage of flexibilities for the local
balancing of power production and consumption. Agents
form so-called swarms, that is, groups of agents that need to
interact with one another in order to achieve their goal.

The formulation of such a bottom-up heuristic control
as one complete analytical model is infeasible. However,
DistAIX allows the system behavior to emerge from the
definition of the individual component behaviors.The agent-
based concept and the need to simulate electrical and
communicative interactions as well as component control
together make the presented simulation tool suitable for an
evaluation of SwarmGrid control. Furthermore, due to the
vast number of components in the distribution grid that
can be utilized in control approaches such as SwarmGrid,
the system can be described as highly complex with various
possible interactions among agents.

For a demonstration of observability of emergent behav-
ior, we use the rural low voltage grid of 177 nodes as described
in Section 4.3 and the electrical models given in Sections
3.4.1–3.4.10. In order to provoke emergent behavior, all input
profiles have constant values except for the ones of single
family household loads. These profiles feature a ramp up of
1 kW within 1 s as depicted in Figure 9. The ramps happen
simultaneously, start at 4 s, and end at 5 s. As the total number
of single family households in the grid is 140, the aggregated
change in the total power exchange of the grid is 140 kW.The
time step size of this assessment is set to 10ms and 1000 time
steps (10 s) are simulated.The communication link latency for
all links is set to 100ms to consider delays caused by message
transmission. Thereby, the system behavior before, during,
and after the household load ramp can be analyzed.

We determine (a) the aggregated active power behavior
based on a reference simulation without self-organizing
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Figure 10: Low voltage grid with 177 nodes used in emergent
behavior and scalability methodologies; figure taken from [41].

control and (b) the aggregated active power behavior of
a simulation with SwarmGrid enabled. By comparing the
results for (a) and (b), we can conclude on how emergent
behavior appeared in the system and changed the overall
behavior of specific component types and the system itself.
As the emergent behavior results from the interactions of
agents, the number of exchanged messages is evaluated as an
additional indicator.Due to the individual and heterogeneous
control behaviors of the system components (agents) and
their situation-dependent interactions, it is virtually impos-
sible to anticipate their behavior as a group or swarm. Even
if their controls are designed to achieve a particular system
level result, such a control cannot possibly have targets for all
internal system variables. DistAIX enables the observation of
even these internal variables and understanding their relation
to the system level target.

4.3. Scalability. For the performance assessment of DistAIX
with respect to scalability, a rural low voltage grid containing
177 nodes and 310 components (i.e., a total of 487 agents)
is chosen. The low voltage grid is shown in Figure 10. It is
identical to the one used by the authors in [41] and consists
of four feeders with 75, 55, 35, and 10 nodes with different
distances between single nodes. While two of the feeders
are equipped with overhead lines the other two are built
with cables. The installed power is listed in Table 1. The total
installed producer power is 503.5 kVA and consumer power is
448.6 kVA. Moreover, it contains 275.2 kWh battery capacity
and 60 kvar reactive power compensation. The low voltage
grid is connected to a medium voltage feeder as many times
as needed to upscale the system. This means the number of
agents𝑁agents in the system is

𝑁agents = 𝑁LV ⋅ 487 − (𝑁LV − 1) , (23)

where𝑁LV is the amount of low voltage grids connected to the
medium voltage feeder and (𝑁LV − 1) is subtracted as there is
only one slack bus.

This methodology is used to analyze the execution time
of the simulation for different quantities of agents. In order

Table 1: Installed power in scenario of 177 nodes; table adapted from
[41].

Component Number Installed power/capacity
Load 175 282.6 kVA
EV 35 166 kVA
PV (peak power) 30 220 kVA (165 kW)
WEC (peak power) 5 84 kVA (69 kW)
CHP 25 199.5 kVA
Storage 35 275.2 kWh
Compensator 4 60 kvar

to evaluate the impact of communicative and electrical
interactions, two simulations are executed for each grid size:

(1) With agent communication: SwarmGrid [41] is
enabled.

(2) Without agent communication: components behave
in an uncoordinatedmanner based on currently valid
guidelines for Germany (same as reference case in
[41]).

The simulation execution time 𝑇(𝑝) for a number of 𝑝
processes is measured and serves as scalability metric. The
fastest execution time and the respective number of processes
are used in the evaluation. The number of simulation time
steps to execute is set to 1000 with a time step size of 1 s. All
component profiles consist of two different values (one for 𝑡 =
0 and one for 𝑡 = 1000). The intermediate steps are linearly
interpolated between these two values so that there is a power
demand or generation change in each time step. Hence,
the communicative interactions caused by SwarmGrid are
representative for a case where the power system conditions
change dynamically. Each simulation was carried out several
times to ensure stable results for the execution time.

The available computation resources are four computing
nodes. Each node includes 24 physical cores of type Intel
Xeon E5-2658 v3 at 2.20GHz. One computing node is used
for simulations with 1–24 processes, two nodes for 25–48
processes, three nodes for 49–72 processes, and four nodes
for 73–96 processes. Processes are always split equally among
computing nodes. Each computing node has 126GB RAM
and all four nodes are connected via an Ethernet network
for the benchmarks. They all run a CentOS 7.3 operating
system using a 3.10.0 Linux kernel. The MPI implementation
used on all computing nodes is the high performance MPI
library ParaStation MPI [45]. Since the base grid for the
scalability investigations has four feeders and our methodol-
ogy duplicates this grid 𝑁LV times to generate larger grids,
𝑁LV = 25 is the largest scenario for the scalability study.
This scenario has 100 feeders, that is, workitems, which can be
optimally parallelized by the available computation resources.
Additionally, the execution times of three scenarios contain-
ing considerably more feeders than available processors are
investigated to give an impression of the examinable scenario
sizes.

In practice, DistAIX can use separate computer networks
(Ethernet and InfiniBand) for the interprocess communica-
tion and saving the result to the database.The database server
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Table 2: Number and magnitude of absolute deviations Δ among node voltages and line currents (unit of Δ is V for voltages and A for
currents).

Δ Re {Vnode} Im{Vnode} Re{𝑖line} Im{𝑖line}
= 0 37440 37431 35939 35987
∈ (0, 10−6] 0 6 50 2
∈ (10−6, 10−5] 0 3 10 7
∈ (10−5, 10−4] 0 0 1 4

is located on a resource different from the four computing
nodes. Thereby, the simulation execution itself and the
storage of result data are decoupled. The time required to
initiate the savings to the database is regarded as a steady
component of the simulation runtime and is therefore not
considered here. Simulation results presented in the following
section were obtained from a simulation setup without any
result saving (except for runtime of the simulation) with no
loss of generality.

5. Evaluation

The methodologies defined in the previous section are used
for an evaluation of DistAIX.The results are discussed in this
section.

5.1. Correctness of Distributed Power-Flow Calculation.
Table 2 provides the number of deviations Δ between node
voltages and line currents of the two simulations in four
intervals. The total number of current and voltage values
differs because there are more busses than lines in the
grid. As both simulations have an accuracy of 10−6, smaller
deviations are not discovered and are set to zero. Especially
the difference between nodal voltages is small. While all Δ
for node voltages are below or equal to 10−5 V for the line
currents, some Δ are between 10−5 and 10−4 A. The reason
for this is the application of the convergence criteria of the
forward-backward sweep method to the node voltages. As
the current is calculated by each component, this value can
be considered the electrical interaction variable of agents.
Hence, for a demonstration of correctness it is important
to consider the line currents as well. For the imaginary
part of the line currents only 4 values differ by more than
10−5 A. Experiments have been repeatedly carried out for
different numbers of processes always yielding the same
results.Therefore, the overall correctness of the implemented
forward-backward sweep calculation is demonstrated and
deviations to the reference simulation are negligible.

5.2. Observability of Emergent Behavior. Figure 11 shows
the active power behavior of the whole grid at the slack
bus for the reference simulation without a communicative
control approach and for the SwarmGrid control approach.
The different starting values of the two simulation results
are caused by the way flexibility is used in the SwarmGrid
approach. The starting conditions for the two simulations
are identical. However, in SwarmGrid components nego-
tiate immediately for a local balancing of production and
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Figure 11: Active power behavior of slack bus and CHPs.

consumption resulting in a smaller load at the slack bus
compared to the reference case due to more efficient usage of
storage. When the load starts to increase at 𝑡 = 4 s the active
power behavior at the slack bus in the reference simulation
follows. The difference between the end and start value of
active power at the slack bus is 153.2 kW, which corresponds
to the change of load power (140 kW) plus losses in the grid
due to higher currents. Therefore, the behavior of the whole
grid in the reference simulation can be determined from the
behavior of the single components, namely, in this case the
single family household loads.

The difference between the end and start value in the
SwarmGrid simulation is 90.1 kW which equals only 64.4%
of the change of load power. Moreover, the shape of the
active power at the slack bus indicates that the overall grid
behavior does not follow the behavior of the loads. Instead,
the change of load power is partly compensated. This is a
dynamic process continuing after the single family household
loads have reached their final value at 5 s. To find the cause
for this behavior difference, the results for internal variables
of single component types have to be investigated. Notice that
the load change compensation is done by flexible components
such as CHP. The total power production of all CHP is
also depicted in Figure 11. In the reference case, the CHP
determines the required power production according to the
thermal demand, which is constant during the simulation
time. In SwarmGrid control, the CHPutilizes thermal storage
capacity to offer flexibility. As a result, the power production
changes after the load power starts to increase.

Note that there is no centralized controller or optimiza-
tion driving CHP towards this behavior. Instead, agents
interact and determine their control values autonomously
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Table 3: Execution time results for different grid sizes.

SwarmGrid
on/off 𝑁LV 𝑝 𝑇(𝑝) in sec

On 1 4 20.02
On 5 19 31.74
On 10 39 42.27
On 15 59 55.68
On 20 61 69.25
On 25 96 87.84
Off 1 3 10.66
Off 5 20 20.00
Off 10 39 27.58
Off 15 44 39.04
Off 20 61 51.27
Off 25 44 61.88

according to behavior rules.The overall system behavior, that
is, the power behavior at the slack bus, emerges from the
behavior of the single components and cannot be predeter-
mined as in the reference case. Since the communication of
agents plays a critical role in this process, Figure 12 shows
the number of messages that are generated per time step. A
large amount of interactions takes place during the change of
load behavior and also afterwards. The number of messages
decreases again when the system reaches a stable end value.
The intensity of communication depends on the operating
conditions and evolution of the physical system and can
therefore not be anticipated precisely. Overall, these results
demonstrate that emergent behaviors of distribution systems
can be observed with DistAIX.

5.3. Scalability. The results of simulation benchmarks with
respect to scalability are shown in Table 3. The minimal
simulation execution time 𝑇(𝑝) scales almost linearly with
the number of agents in the scenario for both cases with
and without SwarmGrid control enabled. This result can
also be observed in Figure 13 and is achieved by using
more processes and spreading the simulation across multiple
computing nodes; for example, for 𝑁LV = 10 the simulation
execution time is minimal for 39 processes. The simulation
is spread across 2 computing nodes running 19 and 20
processes, respectively.The gradient of the𝑇(𝑝) scaling factor
is considerably lower than 1, indicating that the parallelization
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Figure 13: Scaling factors of scenario size in relation to scaling
factors of minimal simulation execution time 𝑇(𝑝).

with processes is able to exploit computation resources
efficiently for growing scenario sizes.

Linear scalability means that large electrical grids plus
agent-based control can be simulated efficiently by an appro-
priate number of processes. It also indicates that the com-
putation of communicative agent interactions adds an offset
to the simulation execution time but does not change the
scalability behavior in essence. Another aspect taken from
Figure 13 is that the scaling for the case with communication
is better than without. Keeping in mind that the benchmark
scenarios were chosen in such a way as to require an extensive
amount of agent communication, this leads to the conclusion
that the message router concept is an effective method
to parallelize the computational burden of agent message
processing. However, the results presented here are only valid
for the specific agent-based control strategy under study [41].
The experiments have to be repeated for different strategies
resulting in potentially different communication link usages
of agents to draw more general conclusions.

In most cases, the number of processes 𝑝 of the minimal
execution time 𝑇(𝑝) correlates well with the number of
feeders in the electrical grid. This demonstrates the benefits
of the proposed agent distribution methodology (see Sec-
tion 3.2) for the simulation execution time and scalability.
As the chosen benchmarking methodology uses grids with
repetitive electrical topology with only a few workitems
compared to the number of agents, it provides a worst case
scenario for agent distribution. In more realistic grids of
similar size containing more bifurcation nodes as considered
here, the number of workitems will increase and the size
(length) of eachworkitemwill decrease. Hence, the execution
time for a grid with a similar number of agents but more
branched electrical topology can be expected to be equal to
or smaller than the presented results.

Figure 14 shows the decrease of execution time with
increasing number of processes for the 𝑁LV = 10 scenario.
The execution time decreases rapidly up to 10 processes and
is close to the minimal value afterwards. DistAIX enables an
efficient simulation even if less than the optimal number of
processes for the given electrical topology is available. We
observed this behavior for other scenario sizes as well. Future
investigations on how to recommend a reasonable minimal
number of processes to the user for a given electrical topology
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Table 4: Execution time results for large grid sizes generated with 96 processes on 4 computational nodes.

SwarmGrid on/off 𝑁LV Grid nodes 𝑁agents 𝑇(𝑝) in sec
On 50 8,850 24,301 196.69
On 100 17,700 48,601 481.89
On 250 44,250 121,501 2019.86
Off 50 8,850 24,301 155.78
Off 100 17,700 48,601 401.05
Off 250 44,250 121,501 1824.61
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Figure 14: Execution time results of scenario with𝑁LVgrid = 10.

are necessary to exploit computation resources even more
efficiently.

The results include only scenarios in which agents are
assigned to all processes. Experiments with small testing
scenarios such as the 27-node low voltage grid used for
power-flow demonstrations showed that the influence of
dispensable processes on the simulation execution time is
negligible. Due to limitations of the hardware used for the
benchmark simulations, only scenarios up to𝑁LV = 25 can be
reasonably analyzed here with respect to scaling. The results
for three additional scenarios are shown in Table 4. They
demonstrate that even for grids exceeding the 40,000 nodes
the presented approach provides a solution in a reasonable
amount of time—even if not the optimal number of processes
but only a maximum of 96 processes is available. Due to the
memory limits of our computing nodes we do not provide
results for larger scenarios here. It should be noted that the
increase in execution time for the large scenarios is mainly
caused by initialization procedures for the communication
network setup which are specific for the control strategy used
here and can be improved in the future.

6. Conclusion

This paper introduces DistAIX, an agent-basedmodeling and
simulation approach for electrical distribution systems. It is
designed to study emergent behavior of such systems at large
scale. The simulation is parallelized by processes enabling
the distribution of computations to multiple computing
nodes with distributed memory. The distribution system
components are modeled as agents in the required level of
detail. Nomodel simplifications or restrictions are needed for

scalability. The properties of communication links between
agents, such as latencies, can be modeled. DistAIX facilitates
the design and analysis of agent-based bottom-up control
concepts for distribution systems. Due to nonlinear cyber-
physical interactions of the agents, such concepts may result
in emergent system behavior. The emergent behavior can
be observed in simulations with DistAIX. Process-based
parallelization and linear scalability properties of DistAIX
enable the study of models at nation scale if appropriate
computation resources are used.
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The energy domain is still dominated by equilibrium models that underestimate both the dangers and opportunities related to
climate change. In reality, climate and energy systems contain tipping points, feedback loops, and exponential developments. This
paper describes how to create realistic energy transition management models: quantitative models that can discover profitable
pathways from fossil fuels to renewable energy. We review the literature regarding agent-based economics, disruptive innovation,
and transition management and determine the following requirements. Actors must be detailed, heterogeneous, interacting,
learning, and strategizing. Technology should be represented as a detailed and heterogeneous portfolio that can develop in a
bottom-up manner, using endogenous feedback loops. Assumptions about discount rates and the social cost of carbon should be
configurable.Themodel should contain interactions between the global, national, local, and individual level. A review of modelling
techniques shows that equilibrium models are unsuitable and that system dynamics and discrete event simulation are too limited.
The agent-based approach is found to be uniquely suited for the complex adaptive sociotechnical systems that must be modelled.
But the choice for agent-based models does not mean a rejection of other approaches because they can be accommodated within
the agent-based framework. We conclude with practical guidelines.

1. Introduction

Scientists are “95% certain that humans are the main cause
of global warming [which] will lead to high to very high
risk of severe, widespread and irreversible impacts globally”
[1]. They advise “stabilizing temperature increase to below
2∘C relative to pre-industrial levels” but note that “this will
require an urgent and fundamental departure from business
as usual” [1]. Politicians in 194 countries signed the “Paris
Agreement” that pledges to keep global warming below the
2∘C mark [2]. Anthropogenic greenhouse gasses are largely
caused by humanity’s use of fossil fuels to power energy
intensive machinery. Electricity and heat are responsible for
25%, and it is tightly connected to transportation (which
might become electrified) with 14%, industry with 21%, and
other energy related greenhouse gasses with 10% [1].We need
models that help us to uncover quick and preferably profitable
pathways to a renewable energy system [3].

Since our industrial civilization is built on fossil energy
that nowpermeates every aspect of it, switching to renewables
is a fundamental and integral transition that is not easy to
model. Renewable energy is also decentralized and intermit-
tent with a larger role for prosumers (consumers who are also
producers) and demand-response and storage, which makes
the entire energy system fundamentally different. Current
models cannot cope with the magnitude of this transition
and offer ineffective and myopic perspectives. But the reality
is less pessimistic: renewable technologies are on track to
be cheaper than fossil alternatives [4, 5], even more so if
we phase out fossil fuel subsidies [6, 7] and internalize risk
calculations [8]. Renewables promise economic growth [9],
jobs [10], and energy security [11] while reducing geopolitical
tensions [12].

So why not take a more positive approach and try to take
advantage of the opportunities that renewables offer?
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In this paper we build on theories found in agent-based
economics, disruptive innovation, and transition management.
We formulate requirements and make practical recommen-
dations for models that can not only make better predictions
but also empower us to actively manage the transition to
renewable energy. We call them energy transition manage-
ment models and define them as quantitative models that
can discover profitable pathways from fossil fuels to renewable
energy.

This paper brings together a wide review of both theory
and practice in order to show how such models could be
constructed. It consists of five parts:

(1) “Clinging to Equilibrium” functions as a problem
statement, showing that most current models are
unsuitable for transitions.

(2) “Theories of Disruption” reviews agent-based eco-
nomics, disruptive innovation, and transition manage-
ment.

(3) “Modelling Requirements” builds on the theories and
focusses on actors, technologies, and carbon pricing.

(4) “Modelling Methods” evaluates system dynamics and
discrete event simulations before concluding that
modelling complex adaptive systems requires agent-
based models.

(5) “Building a Model” contains practical advice.

2. Clinging to Equilibrium

Currently, most predictions regarding the energy transition
come from equilibrium models that are simply not suited to
dealing with transitions.

Imagine how hard physics would be if electrons
could think (Murray Gell-Mann)

2.1. Equilibrium Models Still Dominate. Economics became
a science in the period that most social scientists tried to
emulate Newtonian physics, requiring humans to be just as
predictable as, say, electrons. Adam Smith’sWealth of Nations
(1776) [13] was inspired by Newton’s Principia. Leon Walras
translated Smith’s ideas into “Newtonian” economic models
called general equilibrium models [14]. Computing them was
first done in 1967 and such models were called Applied
General Equilibrium (AGE) models [15]. Since the mid-1980s
an implementation called Computable General Equilibrium
(CGE) models came to dominate economics [16–18] and
their newest incarnation called Dynamic Stochastic General
Equilibrium Models (DSGE) dominates economics now [19].

“The concept of equilibrium . . . is one of the central
pillars of the Great Borrowing from physics . . . Voluntary
exchange matches up buyers and sellers, prices float until
everyone is content, and all markets clear. The similarity to
the ideal gas law of physics is not at all accidental” [20].
A generally accepted definition does not exist [21] but an
often used one is as follows [18]: [CGE models] “describe the
allocation of resources in a market economy as the result of
the interaction of supply and demand, leading to equilibrium

prices. The building blocks of these models are equations
representing the behavior of the relevant economic agents:
consumers, producers, the government, etc. Each of these
agents demands or supplies goods, services and factors of
production, as a function of their prices.”

Proponents of CGE argue that the models are complex
enough to capture the essential features of an economic situ-
ation yet simple enough to be tractable [22]. Other claimed
advantages are accounting consistency due to the use of a
closed accounting system and an accurate measurement of
changes in wealth (as defined in macroeconomics) and they
are widely used in economics because they “ensure policy-
making is guided by a correct theoretical understanding of
how economies function” [23]. They also provide a “solid
microeconomic foundation” [18] so “CGE analysis consti-
tutes a powerful scientific method for the comprehensive ex-
ante simulation of adjustment effects induced by exogenous
policy interference” [24].

According to Fagiolo and Roventini [19]: “at the dawn
of 2008 – just before the financial crisis unexpectedly hit –
a new consensus emerged: the New Neoclassical Synthesis,
. . . grounded upon Dynamic Stochastic General Equilibrium
(DSGE) models.” Proponents claimed that monetary and
even economic policy was finally becoming science [25–27].
Currently most energy models are still largely equilibrium
models, for example, the World Energy Model (used by
the IEA for its influential “Energy Outlook” series), POLES
(used by Enerdata), and PRIMES (used by the European
Commission) [28]. Stanton et al. [29] also review the
following integrated assessment models using CGE: JAM;
IGEM; IGSM/EPPA (MIT); SMG; WORLDSCAN (CPB);
ABARE-GTEM; G-CUBED; MS-MRT; AIM; IMACLIM-R;
WIAGEM; MiniCAM; and GIM.

2.2. EquilibriumModels Are PreciselyWrong. It is better to be
partly right than precisely wrong [30] and notwithstanding
their dominance and mathematical precision, equilibrium
models have a long list of problems.They are essentially static:
they assume that external shocks can take the system from
one equilibrium to another but that the transition itself is
irrelevant [17]. Furthermore they are top-downmodels based
on “the holy trinity of rationality, selfishness, and equilib-
rium” [31]. They assume “rational” actors that can be repre-
sented by a couple of “representative” aggregated agents [19].
These “rational” actors only strive for utility maximization.
They immediately know the utility of every product and price
on the market. They are impervious to status, strategizing,
populism, idealism, tribalism, hearsay, ormarketing.They do
not empathize with future generations (see “discount rate” in
this paper) or people in other countries (see “Negishi welfare
weights” in this paper). Furthermore, the actors function in
“ideal” markets.This means, among other things, no bankers
with perverse incentives, no lobbyists, no political games, no
idealists, no monopolistic tendencies, no network effects, no
incumbent resistance to change, and so on.

Each of the above simplifications has been falsified, both
within economics and by findings from other social sciences
like psychology, sociology, and political science [20]. But in
equilibrium models they endure, hence the accusation that
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users of equilibriummodels display “a steadfast refusal to face
facts” [32].

But we are beginning to see some change. For many
economists, the 2008 economic crisis was the last straw.
It laid bare the crisis in economic theory itself [33–36].
Utility theory became mocked as a “fetish” [37]. Fagiolo and
Roventini survey the update of CGE to DSGE in detail and
conclude it is “patches on torn clothes” [19].

Ackerman observes [38]: “The mathematical dead end
reached by general equilibrium analysis is not due to obscure
or esoteric aspects of the model, but rather arises from inten-
tional design features, present in neoclassical theory since its
beginnings. Modification of economic theory to overcome
these underlying problems will require a new model of
consumer choice, nonlinear analyses of social interactions,
and recognition of the central role of institutional and social
constraints.”

Nobel laureate Krugman adds [35]: “As I see it, the
economics profession went astray because economists, as a
group, mistook beauty, clad in impressive-looking mathe-
matics, for truth. . . . Economists need to abandon the neat
but wrong solution of assuming that everyone is rational
and markets work perfectly. The vision that emerges as the
profession rethinks its foundations may not be all that clear;
it certainly won’t be neat; but we can hope that it will have the
virtue of being at least partly right.”

2.3. Specific Problems with Energy Models. State-of-the-art
integrated assessment models (IAMs) usually embed equi-
librium models that treat climate policy as an additional
constraint while predicting and factoring in climate-related
damage [39]. But there is growing consensus in the literature
that this conveys a false sense of control and underestimates
both the damage of climate change and profits reaped when
implementing renewable energy [8, 40–46]. Formore, see the
discussion on “Pricing Climate Change” in this paper.

Most models also underestimate the potential of tech-
nologies that diverge from the status quo and we want to
give one example to illustrate the magnitude of the problem.
We will use the photovoltaic (PV) predictions of the World
Energy Model (WEM) in the World Energy Outlook (WEO)
of the International Energy Agency (IEA). Although it is only
a partial equilibriummodel, we take it as an example because
it is probably the most influential energy model in the policy
domain [48].

The output of the WEM is shown in Figure 1. NPS stands
for “New Policy Scenario” which assumes that a realistic
amount of commitments (e.g., to the Paris accord) are imple-
mented into new policies stimulating PV. The thick black
line shows that annual additions of solar have been steeply
increasing (meaning new or bigger factories for solar panels).
We can see that each WEO accepts this past reality because
each new scenario has a higher starting point. However,
we also see that the WEO essentially predicts that no new
factories will be build. This stagnation of the solar industry
is predicted over and over again, in every WEO PV scenario
since 2002 [47].

Since theWEM is a proprietarymodel, it hard to pinpoint
the cause of the problem. Johnsen points to erroneously high
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Figure 1: Reality versus IEA predictions: annual PV additions. In
gigawatt peak. Data from IEA WEO 2002-2016 NPS and REF sce-
narios [47].

prices; little learning due to little growth; and assumptions
about the absence of flexibility that reduce the value of PV
[49]. In 2017 the IEA conducted a study together with IRENA
[50]. Page 80 shows thatWEMNPS predicts that utility-scale
PV will cost USD 1/W in 2030. However, NREL reports that
this price was already reached in 2017 (in the US) and that
prices have been falling with 19% per year for the last 7 years
[34]. If that were to continue the price per watt in 2030 would
be seven cents instead of one dollar, and although that is
probably too optimistic, there is a big difference with IEA
expectations. Furthermore, the IEA acknowledges that PV
has grown exponentially with—on average—43.3% per year
over the last 26 years. However, page 74 shows that WEM
NPS predicts linear growth from 228GW in 2015 to 1800GW
in 2050. A yearly production of well under 50GW would
suffice to accommodate this growth. In reality, there was
already over 75GW annual production capacity in 2016 and
healthy growth is expected in 2017 [50]. The IEA, once again,
implies that the PV sector will collapse instead of continuing
its exponential growth.

This disconnection from reality could be due to, for exam-
ple, sponsor requirements or mental biases like confirmation
bias [51], status quo bias [52], or system justification bias [53]
but the way themodel works could also be a factor.We would
argue that, looking at Tables 1 and 2, most of the energy
transition management model requirements that we deduce
from the literature are implemented partially or not at all.The
result is a model that is unable to envision and leverage the
exponential developments in solar energy.
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Table 1: Overview of requirements for energy transition management models.

Agents are detailed, heterogeneous,
and strategizing. They learn in

interaction with each other and the
environment. Behavior is defined
through interviews and surveys.
Exceptional individuals and

institutions can drive innovation.

Global level with technological
innovation through science, R&D, and

economies of scale. Also, climate
impacts and policies. Ability for rich
nations to invest in climate mitigation
in poorer nations (e.g., rainforests).

Technology is detailed, disaggregated,
decentralized, and validated by

domain experts. Agent adoption drives
endogenous, possibly exponential,
bottom-up feedback loops for, for

example, solar, wind, storage, and EVs.

National level with energy related
policy, subsidy, and taxes. Also, large
scale energy production/use, high
voltage grids, and mobility patterns.
Important level for modelling regime

resistance.
Ability to price externalities differently

for different actors. Underlying
assumptions are explicit and user

adjustable, for example, discount rates,
Negishi welfare weights, chance of

catastrophe, and value of
health/ecosystems.

Local level with actors that drive
adoption and use of new energy

technology. Constrained by spatially
modelled physical infrastructure,
connecting subsystems like grids,
roads, buildings, machines, and

people.

Table 2: Characteristics of different types of systems and accompanying simulation techniques.

Equilibrium Dynamic systems Complex adaptive systems
Model
characterization Static Dynamic Adaptive

System creation Top-down Top-down Bottom-up
Transition &
resistance Invisible Observed as aggregate Can be traced back to individual

agents
Dynamic parts of
model Inputs Relationships & inputs Actors, behaviors, relationships &

inputs
Dominant paradigm Equilibrium (CGE) SD and DES Agent based modelling (ABM)
Simulated system No simulation Predefined system System emerges during runtime
Strong feedback loops No Yes (especially SD) Yes
Spatial awareness Hard Yes (especially DES) Yes
Heterogeneous actors Hard Yes (especially DES) Yes
Emergent behavior No No Yes
Actors can interact No No Yes
Actors can learn No No Yes

3. Theories of Disruption

We have determined that equilibrium theory is not a useful
basis for transition management. What technologies are
more appropriate? We start with agent-based economics that
is quickly growing into a mature field within economics.
We expand that with theories on disruptive technological
innovation. Finally, we look at transitionmanagement: a body
of literaturewith a focus on accelerating the energy transition.
Thus, we try to capture the perspectives of economists,
engineers, and social/political scientists.

The Mecca of the economist lies in economic
biology . . . But biological conceptions are more
complex than those of mechanics (Alfred Mar-
shall, 1907)

3.1. Agent-Based Computational Economics. After the funda-
mental problems of equilibrium models became clear, some
economists started looking for new paradigms. They found
inspiration in biology and natural evolution where path
dependency is just as important (if not more so) than equi-
librium. An overview is found in Nelson [54]. Evolutionary
economics was then combined with a new approach from
the social sciences that took advantage of modern computing
power: agent-based modelling (ABM). The result was a very
different, post-Walrasian, branch of economics called Agent-
Based Computational Economics (ACE) that uses ABM
instead of equilibrium models [55]. ACE is based on the
complex adaptive systems paradigm and grows economies
from the bottom-up, thereby bridging the divide separating
micro- andmacroeconomics [56–58]. It extends evolutionary
economics in four ways: agents are heterogeneous with
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individual memories and large autonomy; new interactions
are possible (e.g., predatory or cooperative instead of just
based on price and quality); evolutionary pressure acts on
individuals instead of entire populations which drives indi-
vidual behavior; and, finally, the implementation is a virtual
economic world in the computer that functions without
intervention by the modeller [59]. Balint et al. [39] show that
ACE is making an especially pronounced contribution in the
areas of energy and climate change.

ABMs are used to find the most effective policies to
mitigate the macroeconomic effects of climate change. They
show that it is effective in combining an approach using sticks
(carbon taxes) with one using carrots (incentives to tech-
nology adoption) [60]. ABM enables us to reframe climate
change from a zero-sum game to a coordination problem
offering win-win solutions [61]. Dosi and Nelson show that
it is important to endogenize the Schumpeterian diffusion
of low-carbon innovation [62]. When ABMs take that into
account, they show that subsidizing R&D into carbon-free
technologies leads to a swift transition and higher economic
growth [63, 64]. Isley et al. [65] show how ABM can be used
to compare market-based emission reduction policies with
some having surprising and transformative results. Deter-
mining storage needed in schemes with more intermittency
is also an ideal candidate for ABM studies (e.g., [66]). And
when it comes to cap defining policies for financing green
innovation ABMs are also proving increasingly useful [67].

ABMs also give us a better picture of the costs of climate
change in a networkedworld [68].They showhow the burden
hits parts of the population especially hard [69]. They use
catastrophes like the flooding of Louisiana after Hurricane
Katrina to show that losses increase nonlinearly due to
propagation effects [70]. Propagation effects are also studied
globally [71, 72]. Combining costs and mitigation into agent-
based integrated assessment models (IAMs) is a new field.
One of the first examples of combining complex economies
with climate models comes from the LAGOM model family
that is able to deal with different timescales for modules and
spatially distributed energy production and pollution [73–75]
but it is not yet an IAM. The first fully fledged agent-based
IAM might be the Dystopian Schumpeter meeting Keynes
(DSK) model from Lamperti et al. [76].

Climate negotiation and coalition formation is an inter-
esting new field of study for which ABMs are especially
well suited [77–79]. Realistic ABMs that take different per-
spectives into account produce very different result than
equilibrium-based models with rational actors [80] and the
way the negotiations are structured have a large impact on the
results [81, 82]. Policies that return part of a carbon tax back
to conforming companies are found to survive longer [83]. As
we will see in the discussion on “Energy Transition Manage-
ment,” individual (instead of highly aggregated) actors and
technologies and new ways of interacting are vital for models
that aspire to explore novel energy transition pathways and
they can also increase stakeholder participation because the
model is a closer representation of the reality the stakeholders
recognize.

ABMs are now ubiquitous whenmodelling the electricity
sector [84–86] because of their higher explanatory power

in general [87, 88] and better ability to explore the effects
of increasing amounts of renewable energy in the mix [89–
91]. Multiagent systems can also be used to actually run a
decentralized power grid [92, 93].

An application of ABMs in ACE that is closely related to
the next section on Disruptive Technological Innovation is
predicting technology diffusion [94], especially of renewable
technology [95–99].The agent-heterogeneity that ABM facil-
itates is a central factor in technology diffusion in general
[100], and environmentally benign technology specifically,
with “eco warriors” and early adopters functioning as launch-
ing customers [101]. While some income inequality speeds
up adoption, too much hampers it [102, 103]. The interplay
between customers and firms is also important [99]. Finally,
the diffusion of knowledge among consumers is crucial for
the spread of diffusion (contrary to the rational actor model).
An interesting side is that ABM gives a result that we have
observed in reality: moral persuasion is ineffective [104] at
taking away this barrier while graded eco-labels are very
effective [105].

3.2. Disruptive Technological Innovation. Burning organic
matter has brought humanity hitherto unfathomable energy
[78] and prosperity [79] but nowwe aremaking the transition
to renewable energy [80]. This will not be an incremental
upgrade but a transformative system level change in the
Schumpeterian tradition of creative destruction [106] with
superior technologies replacing inferior ones [107]. The basic
reason is simple: while fossil technology is hardly improving
anymore [108], there are increasing [109] or even accelerating
[110–112] returns for renewable innovations regarding solar,
wind, batteries, and synthetic fuels [113].

This improvement is usually modelled using learning
curves. Originally the concept was confined to learning
inside factories [114, 115] but they are now deployed in a
wider context [116]: many technologies exhibit a relatively
predictable exponential trajectory that is a more reliable
predictor of its development than mere (expert) opinions
because human beings (experts too) have a tendency to
assume linear trends.

The most famous example is probably Moore’s law [117],
but, in energy, it is solar panels that steal the show. We
have seen that their price drops 21% for every doubling of
production [118]. This has already resulted in a more than
hundredfold price decrease in the past 35 years. The price
of wind energy has decreased tenfold in the same time [90].
Lithium batteries for electric vehicles do not go that far back
but their price has decreased tenfold in the last 17 years alone
[93]. So, the technology advantage is tilting dramatically
towards renewable technology. Will this continue?

Availability of energy is not the problem: the sun gives
us thousands of times more energy (through radiation) than
we need [81, 82] and the first derivative (wind energy) is
also abundant [83]. The raw materials we need are not really
scarce either and since we can recycle—we are not burning
stuff—we could continue with renewable energy until the sun
runs out. The price reductions will also continue since we
have many, many doublings to go and renewable energy uses
much less raw material than fossil energy. For example, wind
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needs between 2 grams (airborne wind energy [85]) and 10
grams of material per kWh [86, 87] while a coal fired power
plant burns about 300 grams per kWh [88, 89]. And electric
vehicles running on this renewable energy use only 400 kg
of battery (falling to 100–200 kg) to replace over 15 tons of
crude oil over the lifetime of the car [91, 92]. So, if human
civilization continues it is likely that fossil technology will be
displaced.

However, in many areas renewable technology is still
inferior. How do we make sure the disruption does not stall?
Christensen et al. have put forward the theory of disrup-
tive technology to explain how an inferior new technology
can beat an incumbent one [119–121]. They posit that the
new technology might be inferior from the vantage point
of mainstream criteria, customers or firms, but for some
customers there may be performance oversupply: they get
more performance along the traditional criteria than they are
willing to pay for. Since consumers often experience decreas-
ing marginal utility [122], performance oversupply could
even be the rule. Competing firms can continue to increase
performance oversupply as a form of nonprice differentiation
[123]. But the performance oversupply makes customers
attracted to products that give more attention to price or
to new criteria that have so far been considered secondary.
Incumbents often react too slow to this shift because they are
resource dependent [124] on high-value customers that will
not accept the inferior new technology yet.

Adner extends disruptive innovation with a demand
based and emergent perspective [125]. He introduces func-
tional thresholds below which a consumer will not consider
the product and net utility thresholds that specify the highest
price consumers will pay and may be based on the customers
internal resources [126], capabilities [127], or human capital
[128]. Adner also develops a formal model describing how
technology A in market segment X will more easily disrupt
market segment Y if there is a large preference overlap
between the market segments. Adner states that he would
have liked to include asymmetries in firm capabilities, market
segment size, and economies of scale.

A final dynamicwemustmention is the lock-in to interior
technological development trajectories. Arthur points out
that this has happened to, for example, our keyboard and
electricity grid and the type of nuclear reactors we use [109].
It uses the same dynamic of increasing returns but now
has the effect of giving an incumbent an ever-increasing
advantage, effectively creating amonopoly for a product (e.g.,
Google or Facebook) or technology (e.g., gasoline cars). Most
important in the context of this paper is humanity’s carbon
lock-in towards the use of more fossil fuels [129, 130]. Even
though we know it is destroying our habitat, the lock-in of
fossil technologies ismaintained by subsidies and the absence
of carbon pricing [131]. It is also spreading to developing
countries [132]. We must be able to model innovative ways
to break such lock-ins.

Let us give an example touching uponmost of these issues
to show what we mean. For over a hundred years the only
practical rechargeable battery was a lead acid battery. But
when the laptop and mobile phone came along, research into
lightweight batteries intensified and soon the lithium battery

was born.This enables people to build electric sports cars like
the Tesla Roadster that changed the image of electric vehicles
for the better.

Tesla went on to produce the model S: an upmarket
electric car with good looks, range, and specs. The Model
S has now started to displace many conventional car types
in the upper car segment. It is inferior in the sense that
it has limited range (450 km per charge), takes longer to
recharge (about 250 km in 30min), and offers a less premium
finish. But customers—especially people interested in new
technology with access to either private parking or a public
charger close to their house—liked that it had unparalleled
acceleration (faster than the fastest production sports car)
and was silent and clean [133]. Once they owned the vehicle
they noticed how they loved charging at home (which they
did more than 90% of the time) and how the range was not
really an issue [133].

The price of the batteries was still too high to make a
mid-level car but the success of the Model S enabled Tesla
to build a Gigafactory for batteries (together with Panasonic)
that brought prices down [134]. Government subsidies and
charging infrastructure are currently also vital [135]. But
prognoses show that electric vehicles will soon be cheaper
to own due to falling battery prices, low energy use, and
low maintenance [135, 136] after which displacement will
continue without subsidies. This example contains a number
of dynamics that an energy transition management model
should be able to capture.

3.3. Transition Management. In our view, transition man-
agement enriches theories on agent-based economics and
disruptive innovation with political and sociological insights.
It also specifically addresses lock-in of fossil technologies.
Energy transition management was born from the obser-
vation that transitions to new technologies often fail to
materialize, even if they are beneficial to society. In order
to change this, transition management researchers aim to
“develop appraisal and valuation techniques that could
inform a choice between different technologies” from the
vantage point of societal benefit [137]. Later this technology
focus was extended to “interconnected systems of artefacts,
institutions, rules and norms” and especially on how to make
systems transition in response to environmental signals [138].

Recent overviews of the field are given by Sengers et al.
[139], Li et al. [140], and Holtz et al. [141]. According to Li
et al.: “Today’s most influential body of innovation-focused
transition research originates in the Netherlands, and is often
called the “Dutch approach”. Approaches that descended
from the Dutch school are transition management (TM),
strategic niche management (SNM), technological innova-
tion systems (TIS), and the multilevel perspective (MLP).”
These approaches are particularly suited for investigating
sociotechnical transitions in the energy supply, buildings, and
transport sectors, as they focus on means of supplanting the
incumbent system with radical alternatives, disruption of the
status quo, and the initiation of rapid change.

If this paper refers to transition management, this is
meant to include SNM, MLP, and TIS. All these approaches
focus on regime resistance from incumbents and how
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protected niches can function as incubators for beneficial
innovation [142–144]. SNM [145, 146] draws on evolutionary
economics [147, 148] and had high ambitions (although the
originators concede that “we were certainly over-optimistic
about the potential of SNM as a tool for transition” [149]).
MLP [150] focusses on the fact that change is required
at multiple levels at the same time. As the name implies,
the study of technological innovation systems (TIS) [151] is
focused on technology instead of on the energy transition
as a whole [152, 153]. However, since the energy transition
is driven in part by these technological innovation systems,
their integration into transition management yields powerful
synergies [154, 155].

Transition management sets out to explore radically
new ways to meet societal needs for, for example, energy
or mobility [156, 157] and draws heavily on the ideas of
Malina and Kauffman [158] regarding complexity [159]. It
combines many of the aspects of the other approaches and
gives special focus to individuals and organizations that are
aligned to both the innovative technology and the societal
goal (e.g., sustainability) since it is them (and not members
of the incumbent regime) that will drive the change [160,
161]. However, this requires “multiple explicit actors with
differentiated selection criteria and behavioral parameters
that possess agency to shape transitions” [140]. An intriguing
new idea is to use the transition management perspective in
conjunction with crises to create “game changers” [162].

Currently, transition management models are usually
qualitative in nature. Drawing on Holtz et al. [141] we
conclude that quantified transition management models are
needed because they improve internal consistency [163–165]
and enable validation of theory [166–168]. Models can also
enhance participatory processes [169, 170] while challenging
incorrect narratives [171] and bringing relevant factors into
scope [172, 173]. Finally, quantified models would increase
the use of transition management by policy-makers which is
needed because currently it is used only rarely [141].

4. Modelling Requirements

In this section we present the requirements for energy transi-
tionmanagementmodelling that we deduce from the theory in
the previous section first about modelling actors, then about
modelling technologies, and finally about carbon pricing.

4.1. Requirements for Actors

4.1.1. Detailed and Heterogeneous Actors. According to tran-
sition management (esp. MLP), there is a range of transition
pathways. Geels et al. [174–176] identify the following:

(1) Transformation: incumbents adjust some regime
rules under pressure of, for example, social move-
ments, for example, the adoption of carbon capture
and storage (CCS).

(2) Technological substitution: novelties are developed
before incumbents act and they are replaced within
the regime, for example, electric vehicles and large
scale solar.

(3) Reconfiguration: a range of novelties is adopted by
incumbents and this deeply changes the regime, for
example, self-driving vehicles, supergrids, and smart
grids.

(4) De- and realignment: landscape pressure, uncer-
tainty, and multiple novelties lead to a new regime,
for example, solar plus storage replaces centralized
energy systems with autarkic micro grids.

We find that models that strongly aggregate and simplify
actors mostly capture the first type of pathway. Transition
management can capture all pathways by viewing transitions
as driven by specific innovators that are part of a niche and
resisted by specific incumbents that are part of a regime. But
this requires heterogeneous actors that aremodelled in detail.

Furthermore, the actors possess agency. The transition
management view of agency could be characterized as fol-
lows: “Never doubt that a small group of thoughtful com-
mitted citizens can change the world. Indeed, it is the only
thing that ever has” [177]. In transition management it is the
actor that goes against the grain that is the nucleus for change
(together with technological breakthroughs), whether at the
global level (e.g., Henry Ford, Steve Jobs, or Elon Musk) or at
the local level (e.g., a community organizer or buyer of solar
panels and electric vehicles). At first the innovator is part of
a niche. A niche is created when the innovator is joined by
a group of actors that are open to the innovation. After a
while the bottom-up innovation can grow out of the niche to
become a new incumbent. The implication of this idea is that
change is caused by (groups of) actors that diverge from the
mainstream. So actors especially that might act as innovators
or early adopters must be modelled in detail.

But not all actors are individuals. Important actors in the
energy transition are governments, knowledge institutions,
corporations, and NGOs [178, 179].

Different stages of the transition see different innovators
as its drivers. For example, solar cells were first developed for
satellites, then adopted for buoys and ships, then adopted by
households in sunny countries with high electricity prices,
and only now are they becoming the cheapest form of energy
in wholesale installations. In each phase the innovator was a
different actor.

The importance of bottom-up modelling can also be
illustrated by the way we have adopted new technologies
like PCs, the Internet, mobile phones, and digital cameras.
Every one of these trends surprised incumbents [180] and
such trends are typically underpredicted by economic (top-
down) models [181]. A similar underestimation is currently
happening regarding PV, EV, and wind. If we switched
our perspective to the actors actually adopting the new
technology—because they perceive a benefit—this would
remove the problem of underestimating change.

A way to gather the relevant actors and behaviors suitable
to transition management could be to conduct interviews,
focus groups, and surveys among human actors and orga-
nizations that could be instigators for change and to make
sure that the diversity of their behaviors and interactions
is captured in the model. An example would be smart-grid
users [182]. Representation and aggregation would only be
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acceptable if a valid line of reasoning suggests it does not
diminish the ability of nonstandard actors to instigate or
resist change. When the model is ready the modeller should
preferably return to the flesh and blood versions of the actors
represented in the model and gather their feedback on how
well they are represented.

4.1.2. Interacting and Learning Actors. A characteristic of
particular interest is how actors interact with each other and
the physical infrastructure.

In sociotechnical systems interrelations are important
and determine, for example, the success of innovative
entrepreneurs [183]. Innovation is spread by actors interact-
ing and learning from each other [184, 185]. Interactions with
the physical environment are just as important. For example,
people cannot put solar panels on their roof if they do not
have a roof and for some countries the adoption of land based
wind power is easy (like the USA) while for others off-shore
wind is more logical (like the UK and the Netherlands). In
transportation the importance of geographical locations and
infrastructure is even more obvious. For example, adoption
of electric vehicles is less for actors that depend on public
charging infrastructure that does not materialize. Finally,
actors can learn. An example of this is that people seem to
like electric vehicles better with experience [186].

An approach we would recommend is to copy a represen-
tative set of environments of interest (e.g., neighborhoods) in
which actors can “live” and interact in a realistic fashion. For
example, whenmodelling electric vehicle charging youwould
model houses, parking places, and charging stations and
give actors realistic buying, charging, and driving behaviors.
Realistic computerized neighborhoods can provide a scaffold
for scenarios in which the modeller is forced to “face reality”
and it is beneficial in interactions with domain experts
and policy-makers because it provides them a recognizable
interface.

4.1.3. Actors with Foresight and Strategizing. Transition man-
agement actors need foresight and strategy. For example, Karl
Benz had the foresight to develop the internal combustion
engine (but would have gone bankrupt if his wife had not
had the foresight that he needed buyers so she kidnapped the
prototype to make the world’s first “long distance car trip”
[187]). Henry Ford faced customers who had no idea what
an automobile was but he foresaw the age of the automobile.
Elon Musk has claimed at several occasions that he started
Tesla because he thought he could prove that electric cars
were cool, even though he considered the chances of success
for the company to be less than 10%.

A more statistically relevant example is investment in
solar panels. The investment is now more than hundreds of
billions of euros which is only rational if the investors have
considered a longer time frame and exponential develop-
ments.

Regime actors can also use foresight to stave off challenges
to the status quo, for example, by sponsoring scientists that
support their view and by paying lobbyists and politicians
that help to keep/make the playing field uneven.

4.2. Requirements for Technologies

4.2.1. Realistic, Disaggregated with Endogenous Learning.
Transition management models require a “disaggregated
portfolio of technology options with different price and
performance characteristics that function within operational
boundaries and face resource constraints” [140]. In practical
terms, each individual technology should be modelled as a
separate bottom-up contender for adoption, including all the
characteristics determining its adoption such as the space
practically available and the measures needed to overcome
intermittency (like storage and smart charging of electric
vehicles).

Especially important is the inclusion of learning curves
as detailed in the previous theory section. Learning curves
can be exogenous or endogenous. An example is the analysis
of learning curves of batteries by Nykvist and Nilsson [188].
They present an exogenous feedback loop where the costs of
battery production are declining by 8–14% per year. Then his
endogenous feedback loop shows battery prices declining at
6–9%per doubling of production capacity.The second curve is
called an endogenous feedback loop because it feeds on itself
within the model: an increase in battery sales would lead to a
corresponding decrease in the price of batteries which could
lead to an increase in battery sales, and so on. Models that
assume endogenous technical change frequently recommend
much more aggressive carbon abatement policies and see a
much quicker and less costly replacement of fossil fuels by
sustainable alternatives. A review of 25 well known models
concludes that the impact is significant [189].

Feedback loops can be negative (dampening the reaction
of the system) or positive (quickly taking the system to
new states). Positive feedback loops are important because
“they generate a much richer variety of trajectories which
the system may follow” [190]. One objective of transition
management models is to enable policy-makers to spot and
then accelerate positive feedback they deem beneficial, for
example, by protecting niches (when they have the potential
to provide powerful positive feedback) from regime resis-
tance until they are self-propelling.

Another aspect is the facilitation of bottom-up adoption
that leads to the emergence of new pathways. Top-down
models “tend to be more pessimistic than bottom-up models
about the costs of energy policies. This is related to the
difference in the scope and potential for energy efficiency
improvements as well as the treatment of technological
change” [181]. Verbong andGeels [175] describe how different
pathways can lead to different solutions, for example, either to
micro grids, smart grids, or supergrids [176, 191]. By allowing
new pathways to emerge in a bottom-up manner, transition
models allow us to find better ways forward.

4.2.2. Use of Real World Technological Experts. When trans-
lating the real world into a model it is valuable to do it in
such a way that themodel is easy to understand for real world
experts. Then modellers (e.g., economists) and experts (e.g.,
engineers) could work together. Let us take PV as an example.

PV production is comprised of many subprocesses with
different rates of learning. In the case of PV, traditional
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cells benefit from our ability to slice ever thinner silicon
wafers in an ever more efficient fashion while thin film
technologies benefit frombreakthroughs in printing cells on a
flexible substrate. Experts could help us judge those different
learning curves. They could also double-check them based
on predicted raw material usage. In the case of PV, a silicon
wafer thatmakes up a solar cell has aminimum thickness and
can never become cheaper than the silicon it is made off.The
fragile wafers also require a rigid (e.g., glass) encapsulation of
a certain thickness.That is whymany experts predict that thin
flexible film will win out over silicon wafers in the long run.
But things can change: when the price of silicon skyrocketed
a few years ago the PV industry developed newer and simpler
processes specifically for PV (instead of borrowing from
the processes used to make CPUs) that now produce solar
silicon significantly cheaper than before. So, we have to keep
monitoring and updating our models. Using models that
closely resemble reality makes it possible to interact with
domain experts that can help us with that.

This leads us to R&D. One could argue that Einstein’s
Nobel prize winning explanation of the photoelectric effect
paved the way and that our current computer models of
quantum gaps and the way we apply machine learning to the
simulation of digital composites are an important factor in the
constant PV breakthroughs. R&D has the advantage of being
relatively cheap (compared to scaling up production) but the
disadvantage of being relatively slow (especially fundamental
research at universities). Thus, investing in more PV R&D
might be a very cost-effective way to increase learning rates
in the long run but it requires foresight. Experts could help us
to incorporate the possible impact of R&D in our models.

But although domain experts are vital, there is a catch.
Experts are just as critical of paradigm changing feedback
loops as ordinary humans and can have a stronger than
average status quo bias [52] and system justification bias
[53]. Maybe that is why science is said to progress “one
funeral at the time” and why the science fiction writer
Clarke proclaimed his “first law” to be as follows: “When a
distinguished scientist states that something is possible, he
is almost certainly right. When he states that something is
impossible, he is very probably wrong” [192].These biases can
combine with groupthink that exacerbates confirmation bias
[51] and are in turn exacerbated by shared information bias
[193], especially when the group is seeking consensus [193].
In short: experts tend to be conservative, especially in groups.

For this reason, themodel should follow the knowledge of
experts when capturing the dynamics and constraints of the
technology but predictions about the future should be based
on where the model leads us, and that will probably surprise
both us and the experts.

4.2.3. Externalities of Imperfect Markets. Externalities are
costs or benefits (usually costs) that are not internalized in the
transaction under review. For example, we know that burning
coal fuel and eating meat contributes to climate change but
the costs of climate change are not incorporated in the price of
coal or meat. This means that producers can offer fossil fuels
and meat at low prices and that society as a whole picks up
the tab.

Governments could remove these market imperfections
by levying taxes, using a principle often called the polluter
pays. But this causes regime resistance, for example, from the
producers and consumers of fossil fuels and meat. We also
face a prisoner’s dilemma in the sense that industries in the
first country to adopt taxes would find it hard to compete
with industries from other countries that did not adopt the
taxes. So, taxes that are beneficial on a global level can be
detrimental on the national level if some countries opt out.

Transition management models looking for beneficial
pathways should assume neither a continuing status quo nor
perfectmarkets. Instead they should focus on the overall costs
and benefits of realistic interventions. These costs should
be attributed to individual actors on different levels (e.g.,
the planet, individual nations, and individual producers and
consumers) so that resistance and gain are visible on the level
of the relevant decision-makers. This holds true for all parts
of a transition management model but is especially relevant
when modelling technological pathways.

For example, a pathway that assumes erasing subsidies
for meat or forcing people not to eat it is highly unrealistic.
But subsidizing tasty meat replacement products might be
achievable, especially in the early stages when production
volume is still low. Investing in R&D towards meat replace-
ments might be even more cost-effective and have a higher
chance of collecting the ROI locally. Such a pathway is
especially promising if the meat replacement technology has
the potential to become cheaper and tastier through the
existence of a positive feedback loop. Then it would be able
to replace regular meat, even in an imperfect market where
the costs to society are not internalized.

Thus, well-crafted transition management models have
the potential to shift the dialogue from ideological trench
warfare around bland win-lose solutions to an intellectual
game where the goal is to discover an achievable win-
win pathway. And because the pathway is constructed in
a bottom-up manner using recognizable building blocks
(instead of impenetrable mathematics) it could also be used
to create broader support for the investment opportunities
that are involved. It might even convince the meat producer
to enter the meat replacement business.

4.3. Requirements for Carbon Pricing. The last set of require-
ments for models that guide the transition to renewable
energy pertain to pricing the damage done by fossil technolo-
gies. This section should make the transition management
modeller aware of themost important assumptions regarding
what is often called the social cost of carbon (SCC).

We propose transition management models should be
able to use a different SCC, depending on the actor, for
example, a high price for actors focused on the state of the
art in science, a medium price for economists, a low price
for policy-makers based on what is politically palatable, and
a negligible price for companies that have the power to lobby
for exemptions. Incidentally this could also be a realistic way
to model regime resistance. In an ideal model (not an ideal
world), discount rates should be context sensitive and all
assumptions should be user configurable. We will illustrate
the importance of these points below.
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4.3.1. Economists versus Climate Scientists. A meta-analysis
of 800 estimates showed a “bias-corrected” SCC of between
0 and 134 dollars while “uncorrected” prices are often
much higher [194]. But narrowing it down shows that most
economists agree that 37 dollars is a safe lower bound and
this is what many policy-makers strive for [195]. The actual
price on the EU ETS market at the time of writing was 4
dollars. Why this is important can be illustrated by a simple
example. Producing one kWh of electricity from a coal fired
power plant emits around one kg of CO

2
[196]. A CO

2
price

of 37 dollars per ton would thus lead to a SCC of 3.7 cents
per kWh. This would almost double the wholesale price of
electricity from coal.

And, actually, the economists are probably underesti-
mating the SCC. Nordhaus (possibly the most influential
economist in the field) noticed a deep divide between climate
scientists and economists regarding the SCC. He conducted
a survey [197] and concluded that “At one extreme are
mainstream economists who view the prospect of greenhouse
warming with little concern, confident that human societies
will adapt handily to such changes. At the other extreme,
natural scientists worry about irreversible impacts on natural
systems. They warn of unpredictable extreme events, such as
shifting ocean currents ormigratingmonsoons. [Concerning
damage] natural scientists’ estimates were 20 to 30 times
higher.”

Climate scientists include tipping points and other non-
linear relationships in their analysis [198] which creates a
discontinued risk profile akin to what is used to calculate the
fire insurance for a house [8, 40]. This, combined with the
limited availability of data, leads statisticians like Ikefuji et al.
to apply Weitzman’s “Dismal Theorem” [199] which gives the
risk profile a relatively “fat tail” like a Student’s 𝑡 distribution
[200]. The result is an SCC of hundreds of dollars [201–
203]. Economists like Nordhaus dispute the applicability of
the Dismal Theorem [204] and treat climate change as a
continuous cost subject to cost-benefit analysis (e.g., the
price of electricity) to arrive at a much lower SCC. So, the
question becomes: who do we trust to estimate the risks of
climate change: climate scientists or economists? If we trust
the climate scientists or even if we choose a middle ground
between them and the economists, the SCC would be so high
that fossil fuels would instantly be prohibitively expensive.

4.3.2. Discounting the Future, Hardwiring Inequality, and
Pricing the Priceless. The extent to which future damage is
taken into account depends on the discount rate [205]. The
impact is most easily demonstrated by an example. Assume
a damage of a hundred euros to people living one hundred
years from now. Howmuch should we invest today to prevent
that future damage? Many important economists [206–208]
argue that we should not burden future generations with our
excesses. They thus argue for a discount rate of 0% and want
to invest a hundred euros now. Stern [8] would advocate for a
compromise at 1.4% (higher than what governments pay for
a loan but much lower than what banks ask of a company)
leading to an investment of twenty-five euros. Nordhaus [209]
argues that this is an ordinary market transaction and that a
prudent rate is 4.3%, which would mean investing little more

than one dollar. Some consensus seems to be building towards
distinguishing between the interest rate on risk capital and
a social-welfare-equivalent (e.g., the 1% rate on obligations)
for use in SCC [210, 211]. This last approach would validate
Stern’s SCC of roughly two hundred euros. If you look at
the previous illustration you will see that this would make
electricity from coal five times more expensive. We concur
withKaplow et al. [212] that the discount rate is too important
to leave to the modeller because this one assumption can
completely alter the output of themodel.We contend that the
discount rate should be user configurable and in the case of
static output (like a paper report) there should at least be a
sensitivity analysis present that shows readers what happens
when different discount rates are applied.

Another obscure part of SCC calculations is Negishi
welfare weights.This mechanism basically assures that money
cannot leave rich countries to be put to work in poor
countries where it would save more lives [213]. Although
this corresponds to political reality it is good that the user
of the model is aware of this, for example, because it can
alert her or him to cost-effective win-win solutions that are
now routinely forgotten like protecting ecosystems in their
country of origin.

The problem of pricing goes beyond the discounting
of poor and future people and ignoring catastrophes. Eco-
nomics primarily deals with putting a price on goods humans
produce and consume and in those cases pricing is relatively
clear. But how to put a price on the destruction of ecosystems,
loss of biodiversity, depletion of aquifers, desertification of
fertile ground, and the relocation of people? Are pandas
worth more than bees? Are European woods worth more
than rainforests? Must the calculation be based on tourist
industry earnings or can things have an intrinsic dignity as
Immanuel Kant proposed? Howmany km2 of rainforest have
to disappear before we admit to a link between biofuels and
land use change?These are fundamental questions that relate
to norms and values that can only be judged subjectively but
are currently decided by modellers that hide them from the
policy discussion.

Table 1 summarizes the requirements that have been
established so far in the paper.

5. Modelling Methods

So far, we have denounced equilibrium models, reviewed
theories, and deduced requirements. Now it is time to
describe how better models actually work.

There are myriad ways to characterize what is happening
in energy modelling [28, 214–216]. Even the classification of
the underlying simulation methods is diverse [217, 218]. We
will take the perspective of Borshchev and others [218–220]
to create a narrative describing howmodelling techniques for
sociotechnical systems has become more realistic over time
with the help of computers.

5.1. From Static to Dynamic Systems. Energy transition
management models focus on “transition pathway dynam-
ics: assessment of normative goals; radical alternatives to
incumbent status quo technology or behavior options; time
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horizons sufficient for exploring long-term sociotechnical
change; and path dependencies” [140]. We saw that equilib-
riummodels cannot produce such pathways. System dynam-
ics (SD) offers a big step forward. SD models consist of an
ordered set of differential and algebraic equations that model
stocks (also called states) connected by flows (signals: inputs
and outputs) [221]. This approach became practical after the
advent of computers. Originally SD was implemented on
analog computers where op-amps represented the differential
equations but it soon turned to digital computers [222].

As described under technologies, some of the most inter-
esting dynamics in transition management occur when the
model contains endogenous learning curves for technology.
For example, the adoption of PV leads to economies of scale
that make it cheaper, which leads to more adoption, and so
on. In static modelling this is a problem because it can lead to
so-called algebraic loops for which an analytical solution can
only be found using nonlinear optimization. This problem
often occurs in energy models [223]. If time derivatives are
added to the model, as is the case with SD models, the
feedback mechanisms can easily be incorporated.

SD models are widely used in biology, chemistry, and
engineering [224] with notable examples in mechatronics
[225], multibody vehicle dynamics [226], and the spread of
disease [227] and also in the social sciences with notable
examples being marketing [228]; policy analysis [229];
project management [230]; and learning [231, 232]. Many
people know SD from the study “Limits of Growth” that drew
attention to the ecological problems caused by humanities
ever-increasing use of natural resources [233, 234]. SD has
also been widely applied to energy models [235–241]. Within
transition management it is mainly used in the context
of technical innovation systems [152, 155, 242–245]. But
uptake is lagging behind original expectations. In 2007
Forrester—one of the founders of SD—sketched a picture
in which SD had to leave its current plateau and climb new
mountains. He was especially disappointed by the lack of use
in economics and the public sector [246].

A relevant characteristic for transition management is
that SD models contain stocks. For example, in a country the
existence of roads, houses, fertile ground, and aquifers that
provide sweet water can be modelled as stocks that represent
value. Even soft factors like a shared culture and trust in gov-
ernment and democracy are stocks vital to wealth that could
in theory bemodelled.Monitoring stocks is especially impor-
tant for environmental models. For example, the build-up of
pollutants or greenhouse gasses, the depletion of aquifers, or
the effects of land use change due to the use of biomass.

After adding the dynamic of time, we should add the
dynamic of space. In energy systems the spatial distribution of
energy production, transportation, and use is highly relevant
[139, 247–250]. For example, electricity is produced by power
plants, windmills, and solar panels at certain locations,
transported by a geographically distributed power grid that
poses practical costs and constraints and used by agent and
machines like residents and electric vehicles that can all be a
bit different.

If this was all the dynamism we were after we could use
discrete event simulations (DES). As the name implies, DES

processes the simulation one event at a time [251] and it is
well known for things like complex and spatially distributed
queuing problems and Goldratt’s theory of constraints [252].
Simply put: if you want to model an assembly line or airport,
DES is probably your first choice.

DES is more recent than SD because it is even more
dependent on computers: calculating every event and con-
stantly updating the state and position of every product is
computationally intensive, especially since models can no
longer be reduced.

In most developed countries the geographic layout of
these subsystems has been described and is now publicly
available in the form of shapefiles. We can create a spatial
environment with many layers that connect events in space.
Let us give an example. Electric vehicles can use the road layer
to determine how long they have to travel. The building layer
tells us where the residents live andwe choose a parking place
close to that location. The grid layer gets activated as soon as
the electric vehicle starts charging, and so on. In this way a
many-layered GIS file enables us to create complex, realistic,
integral models with relative ease.

Realistic geographic environments are also valuable when
themodeller interacts with domain experts or policy-makers.
Running the model on a recognizable geographical substrate
is visually stimulating, makes it easier to understand what is
happening in the model, supports the detection of unrealistic
behaviors, and creates trust in the model results.

5.2. From Dynamic to Complex Adaptive Systems. But this is
still not enough. Researchers now know that many domains,
and certainly energy and mobility, need to be studied as
complex adaptive systems (CAS) [253]. The first thing to
understand about CAS is that the system itself is constantly
adapting. Youmustmodel the system in a bottom-upmanner
using autonomous actors and their behaviors in space and
time, and as the actors interact with each other and their
physical environment, systemic order emerges. (This cannot
be modelled in system dynamics or discrete event simulation
[254].) Although top-down control of this order is absent,
it is adaptive in the sense that individual and collective
behavior can mutate and self-organize in order to create a
system that can be more robust [255] and resilient [256] than
comparable systems with top-down control. The Internet is a
good example [257].

Biology was among the early adopters since CAS was
able to portray ecologies with complex behavior emerging
from simple rules. Wilson used it to popularize sociobiology
[258], Dawkins to explain selfish genes [259], and Goodwin
and Saunders to improve developmental biology [260]. In
chemistry Prigogine used CAS to increase our understanding
of dissipative structures and irreversibility [261]. In particle
physics, famous adherents were Feynman and Gell-Mann
[262]. CAS was even used successfully in philosophy [263].
Holland and Reitman used CAS to create genetic algorithms
[264] while Holland also wrote one of the best introductions
to CAS [265, 266] and created the often used definition of
“systems that have a large number of components, often called
agents, that interact and adapt or learn” [267].
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Although early ideas pointing to CAS can be found in
sociology [268] the uptake in the social sciences was slow
[269] and it took until 1996 for it to be applied to social
systems by Epstein andAxtell [270] andAxelrod [271, 272]. In
economics Tesfatsion played a pivotal role from 1998 onwards
[59] while 2006 was a “golden year” with the handbook on
Agent-Based Computational Economics [55] and powerful
arguments by Foster [58] and Beinhocker [273].

Properties of complex systems that emerge from the
interplay between underlying processes [274] are highly
relevant to transition models [174]. Transition management,
SNM, and MLP view the transition to renewable energy and
sustainable transportation as “a radical, structural change of a
societal (sub)system that is the result of a coevolution of eco-
nomic, cultural, technological, ecological, and institutional
developments at different scale levels” [159] which require
a complex adaptive multilevel multidimensional systems
approach [158, 275, 276].

Complex adaptive systems can change their ontology. In
transition management this is indicated by the term deep
uncertainty [277–279]. Examples are the introduction of a
radically new technology (e.g., electric vehicles) that replaces
an old technology or the rise of a new kind of actor (e.g.,
prosumers). This is something that is relatively easy to model
in agent-based simulation but (almost) impossible to dousing
other methods.

5.3. Agent-BasedModelling. Wealready spoke at length about
Agent-Based Computational Economics. But how do agent-
based models work exactly?

First it is good to appreciate that complex adaptive
systems are counterintuitive for primate brains due to non-
linearity, feedback, time delays, and interdependencies [231].
Various empirical studies have demonstrated the severity
of the problem [280–284]. Fortunately, there are ways to
simulate complex adaptive systems using a computer [270,
285, 286] so now we can begin to understand them [287].

Models that accomplish this are called agent-basedmodels
(ABMs). Although one could theoretically trace ABM back
to the Von Neumann machine, the first real ABM (using
coins on a board) was Schelling’s segregation model from
1969 [288]. After some experiments in the 80s by, among
others, Axelrod and Reynolds it was Holland and Miller who
used the term “agent” for the first time in 1991 [289] and it
was only in 1996 that Epstein and Axtell [270] and Axelrod
[271] explicitly introduced ABMs to the social sciences.
Axelrod and Epstein both called it a third way of doing
science [272, 290]: generative and bottom-up and distinct
of the usual inductive or deductive approaches. In recent
years an increasing number of reviews note their promise for
advancing the social sciences [291, 292]. And, as we already
saw, ABM is increasingly used in economics.

ABM is now well accepted in empirical social research
[293] and the preferred modelling method for sociotechnical
systems [294, 295]. Recent reviews note that ABM is now
widely used, for example, in health [296] and more specif-
ically oncology [297]; epidemiology [298]; chronic [299]
and noncommunicable diseases [300]. Other reviews look at
their use in organizational science [301]; emergency response

[302]; land use [303, 304]; manufacturing [305]; ecosystem
management [306]; and marketing [228, 307].

Energy systems are a particularly fertile area for ABM
with reviews in the fields of energymodelling in general [253,
308–310], smart grids [311–313], electricity markets [314–316],
distributed generation [317], and transportation [318–321]. A
recent review of transition management models found one
DES, six SDs, and seven ABMs [140] which is remarkable
considering that in the modelling world at large DES and SD
are still much more common than ABM.

The reasoning of these agents is becoming increasingly
complex. In most cases we find task oriented actors to be
the most efficient and easy to understand implementation
but many authors advocate explicitly programming different
agent states [219] and some like to rely on the belief-intent-
desire model [322–324]. Niches, incumbents, and regime
resistance can be modelled with relative ease but should
ideally not be represented by aggregates but by the individual
actors that they consist of in reality. It is also relatively
easy to model disaggregate technologies (including endoge-
nous learning curves) and radical innovation, driven by
entrepreneurs and policy-makers with strategy and foresight
but slowed down with regime actors possessing the same.

5.4. Multilevel Agent-Based Models. Finally transition man-
agement models need to be multilevel. In the multilevel
perspective (MLP) that we already described, the upper level
is often called the landscape, the intermediate level the regime,
and the bottom level the niche [150, 191, 325, 326].

On the global level we have issues like climate change, the
Paris treaty, and technological developments.The latter are of
special interest to transition management models, for exam-
ple, price developments in silicon solar cells, off-shore wind,
heat pumps, NCM batteries, and electric vehicles. We also
have R&D breakthroughs about to get out of the laboratory
like metal-air batteries, solar fuels, airborne wind energy, and
the application of “wonder materials” like graphene. All these
developments have the power to shape what happens at other
levels by making renewable technologies more attractive to
actors on lower levels.

There are many possible intermediate levels, for example,
a cooperation that together buys solar panels and heat pumps;
or an industry site or municipality that decides to develop an
integral energy plan for dealing with heat, electricity, a wind
park, and electric mobility, making the combined business
case much easier; or a country that decides to promote
EVs and change rules and regulations to enable self-driving
vehicles.

On the bottom level we have, for example, small com-
panies, households, and persons that can develop, buy, and
use solar panels, heat pumps, and electric vehicles. They can
also invest or divest in technologies. Their decisions drive
the energy transition on all levels but are influenced by
developments on higher levels.

We could theoretically model every actor in the world
but that would be impossible to program and compute. By
choosing a multilevel approach we can choose representative
actors on every level and scale, for example, with one actor
per global policy and technology, a couple of countries
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and municipalities on the intermediate level, and maybe a
thousand individuals on the bottom level.

In Table 2 we give an overview of the types of systems and
their characteristics as discussed in this paper.

6. Building a Model

We have shown the requirements and methods needed for
transition models, but how do you actually build them? This
question might appear too practical for a scientific paper,
until you realize how little valuable advice is available in the
literature and how important this step is for the successful
development of a model. This chapter aims to make the
knowledge gap in the literature a little smaller.

6.1. Learn from Professional Programmers. Every scientist
has a habit of undertaking rigorous literature study but the
tools and development trajectories are often chosen less
rigorously. We think that, in this respect, modellers should
learn from people who are able to work in large teams to
develop models containing millions of lines of codes: pro-
fessional programmers.There are strong similarities between
object oriented (OO) programming and ABM and it is no
coincidence that the dozens of ABM frameworks we know
are all written in OO languages. Terms in an OO language
like Java often have an equivalent in ABM, for example,
object/agent, class/species, and method/action [327]. That is
fortunate because OO is now the de facto standard in large
software projects because it makes codemanageable and does
not create “spaghetti code” [328]. We would suggest that,
similarly, ABM is optimal for most modelling challenges
because it does not produce “spaghetti models.” So, ABM
might be the right approach not only for modelling complex
adaptive systems but also for other large modelling projects.
Using ABM as an organizing principle akin to OO makes it
easier to divide the model into independent agents (akin to
objects) and to hide their inner workings (using encapsula-
tion). One could even encapsulate entire models. Agents can
be hotlinked and used in cosimulations.

Choosing your agents is similar to choosing your objects
in object oriented programming. The right choice depends
on the modelling situation and/or question. However, we feel
we can provide some general guidelines, especially since we
advocate the use of ABM as a container for other modelling
approaches. From a modelling perspective agents should
make independent decisions [271, 329, 330]. Humans (e.g.,
consumers) and institutions or organizations (e.g., house-
holds, governments, or energy producers) are logical choices.
But agents do not have to be self-conscious. For example, an
electric power line could be an agent that “decides” when it
is overloaded, thus causing a blackout. From a programming
perspective, agents should be viewed as chunks of code that
can be developed independently. Using OO principles such
agents should have well defined interfaces that are used to
initiate behaviors. In this way new agents can be added to the
model without impacting the other code in the model.

Of course, it is important to choose a good program-
ming framework and because agent-based modelling (ABM)
is such a recent phenomenon, those frameworks are still

immature. There are literally dozens of competing ABM
frameworks in which the modeller is basically programming
directly in an object oriented (OO) language like Java [331].
However, we found that using a dedicated language devel-
oped specifically for ABM can greatly enhance productivity
[332] (we estimate a factor of ten) andmakeABMmore acces-
sible to modellers without a computer science background.
A language developed for a specific application is called a
“domain specific language.” MATLAB and R are examples of
tools (but notABMtools) that use a domain specific language.
The best-known framework using a language especially
developed for ABM is called Netlogo. However, we chose
the GAMA-platform because it combines the ease of use of
Netlogowith thematurity of Java (e.g., building on Eclipse). It
also has advanced spatial capabilities (e.g., read and “agentify”
shapefiles). Like Netlogo it is free and open source which
enables users to extend the domain specific language. Some
ABM frameworks are specialized even further (e.g., for smart
grids [333]) but we would warn against their use because it
inhibits the development of integral models [176].

A key lesson from open source projects is that making the
underlying code directly downloadable provides much better
error detection and makes it much easier to collaborate on
models. For scientific projects and public policy, especially in
the important and often politicized case of energy models,
the transparency provided by open source models might
be even more important [334]. We would go as far as
to say that downloadable models are like peer-review for
the 21st century. Combining agent-based and their inherent
modularity with open source also makes it much easier to
create large integrative models. It is worrisome that policy
recommendations are often provided by consulting firms that
do not disclose their funding or provide their underlying
model. If transitionmanagement modellers are serious about
unleashing bottom-up change and governing the energy
transition [335] they should lead by example and share their
code online.

6.2. Create Hybrid Models When Needed. Many authors
point to the added capabilities from ABM over equation
based models [298, 336] and more specifically equilibrium
models [20, 55, 217, 337]. Simply put: complex systems can
be implemented in ABMs but not in equilibrium models.
However, it is possible to include equilibrium models in
ABMs. That it is possible does not mean it is advisable and
making an ABM that expresses the equilibrium paradigm
is probably just a bad idea [19]. However, comodelling
simulations are increasingly common [338, 339] andwe could
imagine scenarioswhere equilibriumdriven agents are part of
a larger complex adaptive model [55, 337, 340].

Implementing the stocks and flows of system dynam-
ics (SD) in an agent-based model (ABM) is much more
straightforward: simply create an agent for every stock and
flow. In most cases you could also model just the stocks
and include the flows as behaviors of the agent minding
the stock. Heterogeneity can now be added by splitting up
stocks into separate agents. For example, instead of one
agent representing a shoal of fishes we might create separate
agents that represent a single fish. Some fishes might then
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be different than others and might be differently processed
(e.g., by releasing accidentally netted dolphins). Even more
realism can be added by giving each agent a unique location
in space. For example, instead of one “flow agent” signifying
“fishing” the model could contain multiple agents signifying
“fishing boats.” The amount of fish caught could depend
on the concentration of fish in that part of the ocean.
One application where SD and ABM can be combined is
integrated assessments [341, 342].

Similarly implementing discrete event stimulation (DES)
in an ABM is easy. Both are inherently location based and can
work with maps on which the entities in the simulation have
a clearly defined position. In DES the events are implemented
using active entities that have a fixed position in space.
Instead of theoretically continuous flows of SD, DES uses
discrete passive entities that are processed by the active
entities. Products that are processed by humans andmachines
at an assembly line is a typical example. When implementing
DES in ABM you would simply instantiate each active entity
as an agent with behaviors and each passive entity as an agent
without behaviors. However, in ABM the passive entities
could also be made active. For example, when modelling a
queue of people, an ABM would enable you to give some of
them behavior like walking away, talking to each other, or
starting a row.

The idea of combining SD, DES, and ABM is so logical
that the firm Anylogic markets its product as a tool that can
use all three paradigms [286] but as we showed this is possible
in any ABM.

6.3. Create Quantified Narratives. Agent-based models make
it easy to add geographic layers, agents, behaviors, and
variables. The advantage is that we can avoid the falsified
simplifications of equilibrium theory but it also creates a
confusing amount of freedom. We think the solution is the
use of clear quantified narratives. Narratives can contain a
rich tapestry of variables in a way that is meaningful and
memorable to the human brain, and transition management
already has a tendency to tell stories [146]. We propose
combining the narrative approaches used in the famous
Shell scenario studies [343] with the quantitative transition
management models as described in this paper that clarify,
validate, and quantify the narrative.

Another reason to use the quantified narrative approach
is that it enables us to explain what the model is doing
to experts and policy-makers. That is needed because the
integral and multidisciplinary models that we have to create
in order to find the best pathways and interventions towards
renewable energy require a lot of expertise. Fortunately,
ABMs represent reality in a way that is easy to understand
for domain experts and with quantified narratives it is also
possible to explain what the model is doing. We think every
ABM should be checked by experts to get face validity. This
might not seem like a rigorous test but as we have seen
with the example of the IEA prediction of solar power this
is a test that many of the most influential models cannot
pass.

7. Outlook

The transition from fossil fuels to renewable energy is a
complex global challenge. Technologies like off-shore solar,
airborne wind, battery storage, smart grids, and shared self-
driving electric vehicles are developing quickly. They are
driven by R&D, investors with foresight, users that function
as early adopters, and learning curves that can become self-
sustaining. Transition theory also draws attention to the
ways in which innovators in niches compete with incumbent
regimes and how this can lead to entirely different system
configurations.

Such developments might lead to a range of very different
pathways. Global warming might accelerate and this might
either unite or divide humanity. Realistic carbon pricing or
the price reduction of renewables might lead to stranded
fossil assets and an early collapse of the fossil system. The
energy system could become local and decentralized with
users becoming producers that share energy and storage
on demand. Mobility might become a service that replaces
fossil cars by small, shared, self-driving vehicles. Develop-
ing countries without existing infrastructure might leapfrog
developed countries and so on.

The modelling approach described in this paper
should—at least in theory—be able to capture these dynamics
in quantitative models.The agent-based modelling paradigm
could also facilitate comodelling, where multidisciplinary
teams of experts work together using a suite of new or existing
models. Combined with object oriented programming
techniques—that already allow us to collaborate on millions
of lines of code—we might be able to create powerful
models that uncover pathways towards a sustainable energy
future that is both more realistic and more interesting than
what is currently offered. We hope this paper will inspire
some students, teachers, researchers, policy-makers, and
entrepreneurs to do just that.
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The ongoing deployment of renewable energy sources (RES) calls for an enhanced integration of RES into energy markets,
accompanied by a new set of regulations. In Germany, for instance, the feed-in tariff legislation for renewables has been successively
replaced by first optional and then obligatory marketing of RES on competitive wholesale markets.This paper introduces an agent-
basedmodel that allows studying the impact of changing energy policy instruments on the economic performance of RES operators
andmarketers.Themodel structure, its components, and linkages are presented in detail; an additional case study demonstrates the
capability of our sociotechnical model.We find that changes in the political framework cannot bemapped directly to RES operators
as behaviour of intermediary market actors has to be considered as well. Characteristics and strategies of intermediaries are thus an
important factor for successful RES marketing and further deployment. It is shown that the model is able to assess the emergence
and stability of market niches.

1. Introduction

Electricity and heat production are the main sources of
worldwide CO2eq emissions and hence one of the main
drivers of anthropogenic climate change [1]. In order to
ensure a successful transition of these sectors to carbon-free
or low-carbon, a further expansion of the usage of renewable
energy sources (RES) is needed [2]. To initiate the neces-
sary investments and changes in technical, organizational,
and financial regimes, various policy approaches are being
discussed and implemented. In 2016, most countries in the
world had RES targets or support policies in place [3].

As one of the earliest examples, the German government
has adopted targets for the installation of renewables: by
2025, the share of renewable energy in the electricity sector
shall be expanded to 40–45% and to 55–60% by the year
2035 [4]. The most important policy instrument to achieve
these targets is the Renewable Energy Sources Act (German:
“Erneuerbare Energien Gesetz”) (EEG), which was enacted
in 2000 [5]. Its longevity and structural stability make it
a fruitful case study to investigate energy policy in the

field. In its original state, it mainly operated as a feed-in
tariff (FiT) law which guaranteed a fixed remuneration for
renewable energy sources for electricity (RES-E). It has been
effective in fostering the deployment of RES-E [6]. Several
amendments and revisions have been undertaken, such as, in
2012, when theGerman government introduced, for example,
amonthly adjustment of feed-in tariffs for solar panels and an
optional variable market premium to support the marketing
from RES-E at the power exchange [7, 8] (see “The Market
Premium” in the appendix).

The main intention of the EEG is to have a regulatory
impact on the market conditions and the technoeconomic
regime, as well as on the involved market actors who play
a key role in the energy system’s transition, as they provide
the necessary investments in RES-E technologies. However,
the invoked investment dynamics were not stable under
all circumstances. With the fall of system prices and the
accompanying relative sluggish adjustments of incentives, the
deployment of solar plants in Germanywent up from roughly
2.0GW in 2008 to 7.5 GW/a in the years 2010–2012. The
deployment went back to 1.9 GW in 2014 [9], which created
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considerable market distortions and unstable investment
behaviour.

The deployment and integration of RES can only be
reliably regulated, as long as policy instruments do consider
the interdependencies and interactions with and of the
involved actors aswell as the resultingmarket interplay on the
investment dynamics. The motivation for the development
of the agent-based model AMIRIS is therefore to study
the adequacy of policy measures which affect the entities
that comprise the electricity system; the aim is to examine
the impact of policy on the involved market actors on the
microlevel (e.g., income situation of renewable power plant
operators) as well as their effects on the macrolevel (e.g.,
power exchange prices and market structure) [10].

The remainder of the paper is structured as follows.
In Section 2, we will elaborate on the complexity of the
energy system transition, and our motivation to choose an
agent-based model (ABM) approach to address our research
questions. Section 3 will give a brief overview of the AMIRIS
model. For further detail, the technically interested reader
can refer to Section 4, which describes the agents and their
behaviours in detail. To exemplify themodel’s capabilities and
questions to be addressed, Section 5 presents a case study
on the marketing of RES-E at the power exchange and how
an amendment of the policy regime affects market actors in
different ways. Here we will show how the heterogeneity of
agents, for example, different portfolios, affects the income
and behaviour of the represented renewable electricity mar-
keters and power plant operators. Section 6 discusses the case
study and gives an overview of the lessons learned from the
use of the ABM approach. Section 7 concludes with lessons
learned from both the case study and themodelling approach
in general.

2. Modelling the Complexity of
Energy Transitions

2.1. Challenges of Modelling the Impact of Energy Policy
Measures on the Behaviour of Actors. The pathway of the
development of the global energy system, namely, the antic-
ipated shift of supply from centralized fossil-fuelled power
plants towards a decarbonised and RES dominated regime,
is uncertain; many possible energy futures are conceivable
[12]. Part of the uncertainty of which energy future will
materialize results from the unexplored behaviour of the
market actors who implement new technologies, as their
relationships and intentions remain understudied. Bale et
al. [13] state that “Energy systems can be understood as
complex adaptive systems in that they have interrelated,
heterogeneous elements (agents and objects). In addition,
there is no autonomous control over the whole system, and,
in that sense, self-organized emergent behaviour arises that
cannot be predicted by understanding each of the component
elements separately.” As such, the result of markets at the
macrolevel of the system is based on a variety of individual
actions on the microlevel [14].

In Germany, individual options of choices and the num-
ber of actors in the system have increased substantially since
the liberalization of electricity markets and the introduction

of the EEG and its several amendments [17]. They decide
under the influence of cognitive biases [18, 19] and inherent
uncertainty and are therefore only bounded rational [20].
Policies are directed towards those actors to induce a desired
collective behaviour and are uncertain in their effect as well.

Electricity is different to most other commodities, for
at least two reasons: it is not storable at low costs, and the
demand side is only marginally elastic. Hence, it is necessary
to balance supply and demand on short notice at all times
in order to ensure system stability. This situation got more
challenging with the large-scale integration of RES-E into
the system. Due to inherent output forecast limitations and
their nondispatchability, RES-E can always be subjected to
high balance energy cost due to day-ahead forecast errors
and cannot hedge risks on future markets [21–24]. As such,
additional intermediary market actors which specialize in
forecasting and dispatching variable renewable energy (VRE)
emerged. These intermediary market actors increased the
order of complexity in the market.

Additionally complicating is the fact that diverse elec-
tricity markets, like spot and futures, control energy as well
as CO2 certificates markets interacting with and influencing
each other [25]. As a result, the heterogeneous power plant
and marketing actors can react very differently to energy
policy adjustments and the development of the electricity
system as a whole can follow diverse pathways [26]. This is
a tremendous challenge from a modelling perspective.

2.2. Overview of Agent-Based Models in Energy System
Modelling. Given the challenges mentioned above, we have
chosen an agent-based modelling (ABM) approach, which
addresses these questions by placing the actors, their interre-
lationships, and their influencing environment in the centre
of the modelling exercise [14]. The origin of the ABM
approach is found in the field of artificial intelligence and
cellular automata research and has been used for analysing
complex and interrelated systems in such various research
domains as ecology, social sciences, and software engineering
[27].TheABM approach enables themodeller to describe the
complex relationships of the systems entities by identifying
a set of attributes, behavioural rules, adaptations of those
behavioural rules in response to the behaviour of others and
the environment, and an environment itself [28].The analysis
is executed step by step and allows for developing these rela-
tionships on an evolutionary path in an artificial laboratory-
like environment [29, 30]. Agent-based models are therefore
particularly suitable for the simulation of multiply linked
and complex systems with autonomous actors. The system’s
behaviour is not centrally determined but evolves bottom-up
from the actions taken by the individual agents to a complex
system with emergent structures.

The ABM approach has been successfully applied in the
energy sciences. Recent publications have investigated the
role of certain technologies, like the market diffusion of PV
[31, 32] and biomass power plants [33], or the value of storage
technologies [34]. Others have put their focus on certain
aspects of the demand side of the energy system, as this aspect
is associated with a need for a more “human” modelling and
preference depiction: their works focus on demand response
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Technoeconomic regime:
Technology and cost environment, 
which determines the material 
scope of decision-making of actors

Coordination mechanisms: 
coordinate the decisions of actors via, for 
example, market or bureaucratic
structures

Regulatory framework: regulates coordination and constrains
or expands the scope of decision-making of actors or
influences the technoeconomic regime via policy instruments

Actors: adapt to
environment and
coordinate , for 
example, via markets

Figure 1: A sketch of the system that is represented by the AMIRIS model.

[35–37], adoption of dynamic tariffs [38], price elasticities
[39], and smart meter diffusion [40], among others. Another
branch focuses on energy trading on the balancing mar-
ket [41], the merit order effect [42], emission trading and
investment decisions [43], and forecasting [44, 45]. For a
comprehensive review of energy market applications, the
reader might want to refer to [25, 46] and to [47] for a special
focus on newly emerging market structures.

2.3. Conceptual Approach of the AMIRIS Model. Figure 1
depicts the model’s scope of analysis; it shows components
and interrelations between actors, regulatory frameworks,
technologies, and markets which are addressed by the sim-
ulation. The technoeconomic layer represents technologies
and corresponding costs that are available to the actors of
the energy system. It is characterized by technical parameters
like efficiencies and durability values and cost parameters.
In this sense, the technoeconomic layer determines what is
technically feasible. Actors sketched as dots in the technoeco-
nomic layer coordinate themselves, for example, via markets,
like the spot market and balancing energymarkets.Theymay
set up contracts to invest in technologies and sell or buy
energy.

The technoeconomic layer is influenced in several ways by
the overlying regulatory framework layer, which may change
the apparent costs of technologies by, for example, increase
of research and development in certain technologies, deploy-
ment incentives like feed-in tariffs, or the financial promotion
of RES-E direct marketing. The term direct marketing here
refers to selling RES-E at market places for electricity via the
market premium model under the EEG (see “The Market
Premium” in the appendix). Furthermore, this layer may as
well enhance or reduce actors action space by regulating
markets or by setting up rules that prohibit certain decisions
and behaviours of actors.

Solid arrows represent possible vectors of analysis,
while dashed arrows are not explicitly incorporated in
the model. More influences may appear in such a system
that are not subject to the actual implementation, like,

for example, feedback from actors to the regulatory level
or impacts from actors onto the technoeconomic layer
itself.

With the ambition to model the agents and the impact
of policy framework adoptions in the process of market inte-
gration of RES-E, knowledge about the relevant actors and
their expectations, motivations, and strategies is required.
To depict the qualitative differences among market actors,
systematic actors analysis has been carried out. The actors
characteristics of RES-E power plant operators and direct
marketers have been developed on the basis of document
analysis and expert interviews [10, 48]. These two agents
types are modelled in detail compared to other (system)
relevant actors of the power system (see Sections 3 and
4). The assumptions were then tested and reassessed in
semistructured expert interviews with representatives from
the most important actor groups, as well as in the context of
an actor workshop. An exemplified version of the typecast of
actors into agents is given in the case study in Section 5. The
current state of the model will be presented in the following
two sections.

3. AMIRIS Model Overview

3.1. Agent Topology. Themodel comprises two different types
of agents: (a) agents with scope of decision-making and (b)
agents without scope of decision-making. Type (a) agents
are able to adapt to changed circumstances and may decide
which action to perform. Contrary to this, type (b) agents
have strictly defined tasks to perform during simulation from
which they cannot deviate. The model covers the following
type (a) and type (b) agents:

(i) Wind, solar, and biomass power plant operator agents
as well as the thermal power plant operators generate
electricity with their plants (type (a)).

(ii) Direct marketer agents trade electricity from RES on
the power exchangemarket and control powermarket
(type (a)).
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Figure 2: The AMIRIS model.

(iii) Optionally, a storage operator agent can be associated
with a direct marketer that in turn can improve the
operation and coordination of plants in her portfolio
(type (a)).

(iv) The day-ahead power exchange market agent deter-
mines the wholesale power market price via a merit
order model (its implementation is discussed in
Section 4.3.2) (type (b)).

(v) The negative minute reserve market allows offering
control power provision (type (b)).

(vi) The grid operator agent manages the generated elec-
tricity from wind, solar, and biomass which is not
traded by direct marketers. It is sold mandatorily on
the day-ahead power exchange market (type (b)).

(vii) The total load of the German power system serves as
a static demand sink (type (b)).

(viii) The regulatory framework agent holds information
about the total installed power in the system, the
remuneration schemes, and undertakes calculations
according to the EEG (type (b)).

The agents interact in a changing environment influenced
by the energy policy framework of the Renewable Energy
Sources Act (EEG) and its corresponding RES-E support
scheme as well as the Energy Industry Act [49] and grid
regulations. Figure 2 gives a schematic overview of the
model interconnections. Boxes represent agents in themodel;

multilayered boxes indicate that these agent types have
multiple instances during the course of simulation. Solid lines
represent money and power flows, which are differentiated
by open and closed arrows, respectively. Regulatory influence
is depicted with dashed lines. Wind, PV, and biomass power
plant operators (PPOs) can sell electricity either to the direct
marketer or to the grid operator.

As the focus of the AMIRIS model is to investigate the
effects of the market integration process of renewable energy
sources on the involved actors, the cost and revenue structure
of marketers that trade electricity from RES-E PPOs are
implemented in detail and will be discussed in Section 4.2.1.
PPOs can sign contract with direct marketers and switch
contracts at the beginning of each year if a better offer is
received (see also Section 4.2.2).

3.2. Process Overview and Scheduling. The model has a one-
hour time resolution and is usually run over the course of
8–20 calculative years. Computation time on a conventional
desktop computer is in the order of minutes. Internal time
is set by the regulatory framework class. The following steps
are calculated each time frame, which equals one calculative
hour:

(i) Generated electricity and its virtual distribution to
direct marketers or to grid operator are determined.

(ii) The residual load, the merit order, and corresponding
wholesale power market price are calculated.
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Table 1: External input parameters for the AMIRISmodel. 𝑙 indicates the type of the primary product as follows: 𝑙 = 1: uranium, 𝑙 = 2: lignite,𝑙 = 3: coal, and 𝑙 = 4: gas. Index 𝑖 defines the power plant type with 𝑖 = 1: nuclear, 𝑖 = 2: lignite, 𝑖 = 3: coal, 𝑖 = 4: combined cycle gas turbine
(CCGT), 𝑖 = 5: open cycle gas turbine (OCGT), 𝑖 = 6: offshore wind, 𝑖 = 7: onshore wind, 𝑖 = 8: photovoltaics, and 𝑖 = 9: biomass.

Parameter Description Unit
𝐶𝑙prim(𝑡) Time series of costs of the primary products used for the calculation of the stock market prices [€/MWh]
𝐶carb(𝑡) Time series of cost for carbon dioxide emission certificates [€/𝑡CO2]𝐶𝑖var(𝑡) Time series of variable costs of conventional power plant of type 𝑖 = 1–5 [€/MWh]𝜂𝑖min(𝑡) Time series of minimal efficiency of conventional power plant of type 𝑖 = 1–5 [%]𝜂𝑖max(𝑡) Time series of maximal efficiency of conventional power plant of type 𝑖 = 1–5 [%]
𝑤𝑖(𝑡) Normalized generation potential time series for 𝑖 = 6, 7, 8 [%]𝛼𝑖 Availability factor to regard shut-down periods (𝛼1 = 0.8, 𝛼2 = 0.8, 𝛼3 = 0.7, 𝛼4 = 0.7, and 𝛼5 = 1.0) -
PRbal(𝑉) Histogram of 2011 prices for balancing energy [€/MWh]𝑐mark Costs for marketing [€]𝑐IT Costs for IT [€/a]𝑐trade,var Costs of charges for trading at the exchange market [€/MWh]𝑐trade,fix Costs for permission of trading at the exchange market [€/a]𝑐liab Costs for the liability of equity to be able to trade at the exchange market, payed once [€]𝑐pers,spec(𝑉) Specific costs for personnel depending on traded volume [€/MWh]
𝑐fcst(P) Costs for forecast of electricity generation volume dependent on installed capacity [€/MW]
𝑀(𝑡) Time series of management premium according to the EEG [€/MWh]𝑅(𝑡) Time series of remuneration for renewable energy power plants according to the German Renewable Energy Act [€/MWh]𝑃𝑖inst(𝑡) Time series of installed power of corresponding technology 𝑖 [MW]𝐷(𝑡) Time series of demand for Germany [MW/h]𝐺𝑖(𝑡) Power generation in 𝑡 from technology 𝑖 [MWh]

(iii) The grid operator calculates the marginal capacity
price for the control power provision of the negative
minute reserve market by a regression model.

(iv) With an appropriate portfolio, marketers can offer
firm capacity at the control power market.

(v) Revenues and costs are assigned to the marketers and
the power plant operators.

(vi) Marketers forecast the electricity production of their
portfolio and estimate the market price at 𝑡 + 24 h
and decide on curtailment of contractedRES-E power
plants.

3.3. Modelling Framework. AMIRIS uses the free and open
source agent-based modelling and simulation development
framework Repast Simphony, which facilitates model design,
execution, and data export and serves as an initial context
builder for our model. Repast Simphony has been con-
jointly developed by the University of Chicago and Argonne
National Laboratory [50]. It is available directly from the web
(http://repast.sourceforge.net/ (last accessed: 23.09.2015))
and licensed under “newBSD” (“NewBSD” is a BSD 3-Clause
License; see https://opensource.org/licenses/BSD-3-Clause
(last accessed: 23.09.2015)). The model is implemented in
the Java programming language (http://www.oracle.com/
technetwork/java/index.html (last accessed: 23.09.2015)).

4. Agents and Input Data

4.1. Input Data. At initialization of the program several data
files are read according to the scenario under investigation.

The files contain time series and lists as shown in Table 1 that
can be categorized as input for (a) the electricity generation
from renewable and conventional power plants, (b) the calcu-
lation of marginal costs of conventional power plants, (c) the
direct marketers’ typecast, and (d) the regulatory framework.
The total installed power in the system 𝑃inst(𝑡) for all types
of technologies is based on a study for the Federal Ministry
of Environment, Nature Conservation, Building and Nuclear
Safety covering long term scenarios of renewable energy
plant deployments in Germany [51]. For conventional power
plants, the installed power is multiplied by an availability
factor to take shut-down periods into account. In order to
represent the electricity generation of fluctuating renewable
power plants, normalized generation potential time series𝑤(𝑡) for wind and solar are used. These generation time
series are derived by the EnDat module of the energy system
model REMix [52, 53]. EnDat uses a historic weather time
series containing wind speeds and solar radiation of the year
2006 that is processed with characteristic system curves for
wind and photovoltaic power plants in Germany [52]. In the
model, the shape of the demand curve 𝐷(𝑡) is represented
by the total German electricity demand of 2011 [16]. The
scale can be varied according to the underlying scenario
study. Marginal costs are determined regarding fuel specific
costs and additional variable costs as well as costs for carbon
dioxide emission certificates. Fuel specific costs are calculated
by primary product costs and efficiencies for correspon-
dent technologies. The calculations’ underlying scenarios are
found in [51], and details on the applied values are given in
[10].

http://repast.sourceforge.net/
https://opensource.org/licenses/BSD-3-Clause
http://www.oracle.com/technetwork/java/index.html
http://www.oracle.com/technetwork/java/index.html
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Costs 𝑐 for various marketing services for compensations
are represented in Table 1 and used for a typecast of the cost
structure of actors. The use of the various cost parameters is
described further in Section 4.2.1.

The input for the regulatory framework is given by
a time series 𝑀(𝑡) containing the management premium
and its decrease over time [54] (compare also “Revenue”
in Section 4.2.1). The Renewable Energy Sources Act [4]
and its remuneration schemes for different technologies are
represented by time series 𝑅(𝑡).
4.2. Agents with Scope of Decision-Making

4.2.1. The Direct Marketing Agents. In the process of sim-
ulation, the direct marketer agents have the possibility of
basing their decisions on the current market conditions. The
marketer’s business is to profitably sell renewable electricity
at the power exchange market. Success or failure of their
businesses is evaluated by the profits 𝑝(𝑡), which is the
difference between revenues 𝑖(𝑡) and costs 𝑐(𝑡):

𝑝 (𝑡) = 𝑖 (𝑡) − 𝑐 (𝑡) . (1)

The typecast parameters shown in Table 2 allow a repre-
sentation of the real market actors heterogeneity. Different
types of marketers with diverse revenue and cost structures
(compare Section 5) are implemented in the model. The
forecast quality of a marketer, described by 𝜎 and 𝜇, is
crucial for a successful business. By reducing forecast errors,
balancing energy procurement costs can be minimised.

Revenue. Revenues can be generated by the support scheme
as well as on two markets: the power exchange market
and the control energy market, with revenues 𝑖XM and 𝑖CE,
respectively. In reality the control energy market consists
of the primary, secondary, and minute reserve markets.
On these pay-as-bid markets, participants can offer control
power to the system operator for grid stability require-
ments. The balancing energy market determines the cost (or
incomes) for a trader or supplier that deviates from their day-
ahead schedule within its corresponding balancing region.
Balancing market prices are determined by control energy
demand requirements of the system operator. Hence, it is
rather an accounting system than a market.

Additional regulated revenues are derived from payouts
of the management premium 𝑀(𝑡) for direct marketing.
Within the implementation of the market premium scheme
in the year 2012, the management premium has been intro-
duced as additional entity for compensating for the costs
associated with direct marketing duties compared to the
FiT scheme (see “The Market Premium” in the appendix).
The more efficiently direct marketers fulfill their marketing
services for RES-E power plant operators (PPO), the higher
the decision scope for either increasing their own profits or
the bonus payments to their associated PPOs (see also “Bonus
Payments” below).

Whereas the power exchange market represents the
marketer’s primary source of revenue, participation in the
control energy market is optional. The model allows for
the participation in the negative minute reserve market

Table 2: Variables describing properties of direct marketers. Varia-
tions of variable values are used to define the type of marketer and
to reflect heterogeneity of actors.

Variable Unit Description

𝜎price

Uncertainty of price
forecast of direct marketer,
depending on the traded
volume 𝑉 with values 0.15,0.2, or 0.25

𝜎power

Uncertainty of power
forecast of direct marketer
with values 0.15, 0.2, or 0.25

𝜇power

Estimated value of power
forecast of direct marketer
with values 0.05, 0.1, or 0.15

P [MW]

Power generation portfolio
of marketer, that is,
P = ∑𝜏,rc P𝜏,rc of
technologies 𝜏 in

remuneration classes rc
C [€] Initial capital of marketer

(due to opportunity costs with the day-ahead spot market
biddings and the required curtailed operation mode, positive
reserve provision is financially not attractive for RES-E plant
operators and is therefore not modelled). The marginal
capacity price at which bids of the direct marketing agents
are accepted is determined by the grid operator agent every
fourth simulated time step by a multiple linear regression
model (compare Section 4.3.1).

The direct marketing agents can follow two bidding
strategies to maximize profits:

(i) “Low-Risk-Strategy”: with this strategy marketers
offer a capacity price on the pay-as-bid market corre-
sponding to the median of the preceding month’s 180
4 h-price-blocks. This way acceptance of a bid is very
likely but only at a relative low capacity price ΠCE.

(ii) “High-Risk-Strategy”: with this strategy marketers
offer a capacity price on the pay-as-bid market corre-
sponding to the median of the preceding month’s 180
4 h-price-blocks plus the standard deviation of these
prices.This way acceptance of a bid is less likely but in
case of acceptance a relatively high capacity priceΠCE
is ensured.

Further revenue 𝑖bal(𝑡) can originate in case the own local
imbalance can reduce the imbalances of the corresponding
balancing grid region.

Costs. Both fixed and variable costs are considered in the
total cost determination. For yearly fixed costs 𝑐fix, IT and
trading permission are regarded. Further, upon starting the
direct marketing business, the marketer has to provide a
liable equity. The different positions of variable costs depend
primarily on the amount of electricity traded by the direct
marketer. Trading fees are to be paid for each traded MWh,
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Figure 3: Specific personnel costs 𝑐pers,var per installed capacity of the marketers in the model. Data from [11].

whereas costs for balancing energy depend on the deviation
between the forecast and actual VRE generation.

The balancing energy price is determined at each time
step by the grid operator by uniform random selection out
of a price histogram based on balancing energy prices of
the year 2011 in Germany. The balancing price as well as
the balancing volume may take negative and positive values;
thus balancing costs can contribute to the marketers’ revenue
for 𝑐bal(𝑡) < 0 and 𝑖bal(𝑡) = −𝑐bal(𝑡) (see also (A.1) in the
appendix).

Payments for balancing energy and expenses for the staff
and IT are the largest cost positions for direct marketers
[11].The specific personnel costs reveal substantial economies
of scale and range from several €/MWh for portfolios
smaller than 50MW to only €cents/MWh for +500MW
of contracted VRE capacities (compare Figure 3). Addi-
tionally, expenses for the power output forecast 𝑐fcst affect
the profit calculation. As direct marketers mainly manage
a generation portfolio and do not own the corresponding
plants, a competition for acquisition of generation plants
follows. To bind customers and to be financially attractive to
potential new customers, marketers make bonus payments
for the contracted power plant operators, another cost factor
described in the following section.

Bonus Payments. At the start of the simulation, the bonus
is defined to be half of the management premium of the
corresponding year; that is, 𝑐bonus(𝑡 = 0) = (1/2)𝑀(𝑡 = 0). In
order to guarantee the direct marketer flexibility and control
over costs, bonus payments can be adopted at the end of each
simulated year. Within each adoption process the specific
operating results𝛽(ORspec) are evaluated. Further, the ratio of
capital to operating results may additionally adjust the bonus
payouts by 𝛽(ORcapital) in case of negative operating results.

Table 3: Definition of bonus parameters 𝛽 and 𝛽 depending on
operating results (OR); that is, ORcapital = C/OR.
ORspec [€/MWh] 𝛽 ORcapital 𝛽
≥1.0 1.1 0 0.0[0.6, 1.0[ 1.05 ]0-1] 0.5[0.4, 0.6[ 1.00 ]1-2] 0.7[0.2, 0.4[ 0.95 ]2-3] 0.8<0.2 0.90 ]3-4] 0.875

]4-5] 0.95

The values for the bonus adjustments are given in Table 3.
The bonus does not merely increase the profit margins of the
marketers; instead, they will invest their surpluses to increase
the bonus payouts for the PPOs if the specific operational
results are larger than 0.5 euro/MWh.This definition ensures
a competition between the marketers seeking to attract new
PPOs. In the model, bonus costs are thus calculated by

𝑐bonus (𝑡)
= {{{

𝑐bonus (𝑡 − 1) ⋅ 𝛽 (ORspec) ⋅ 𝛽 (ORcapital) for OR < 0,
𝑐bonus (𝑡 − 1) ⋅ 𝛽 (ORspec) for OR ≥ 0.

(2)

Curtailment. The AMIRIS model allows for a market-driven
curtailment of RES-E according to the incentives of the
implemented policy instrument. In case of potentially high
renewable electricity generation and low demand, the mar-
keter may decide to switch off plants of her portfolio to
avoid payments due to negative wholesale electricity prices
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(compare Section 4.3.2). The marketer’s decision is based on
a price forecast, given by

Πfcst (𝑡) = Πperf (𝑡 + 24) ⋅ (1 + 𝜎price ⋅ 𝑔) , (3)

with the random error variable 𝑔 drawn from a normal
distribution times the perfect foresight price Πperf (𝑡 + 24).
Plant specific opportunity costs for curtailment determine
whether RES-E generation is being curtailed. The estimation
of these costs depends on the variable market premium 𝐹(𝑡)
and the management premium 𝑀(𝑡) according to

Πfcst (𝑡) ≥ 𝐹 (𝑡) + 𝑀 (𝑡) for Πfcst (𝑡) < 0. (4)

In case the sumof both premiums is lower than or equal to the
absolute value of the forecast wholesale power market priceΠfcst(𝑡), the direct marketer will advise the corresponding
PPOs to shut-down generation.

4.2.2. The RES-E Power Plant Operator Agents. The potential
generation of electricity from renewables is given by the plant
operator’s installed capacityPrc,𝜏 multiplied by a normalized
weather time series 𝑤𝑖(𝑡):

𝐺rc,𝜏 (𝑡) = P𝜏,rc (𝑡) ⋅ 𝑤𝑖 (𝑡) , (5)

with 𝑖 = 𝜏 in this case.
Plant operator agents are distinguished primarily by the

generation technology 𝜏 in operation, that is, plants using
wind, solar radiation, or biomass, as well as by the corre-
sponding remuneration class rc the technology is assigned
to (see also Section 4.3.4). The height of the remuneration
class rc is calculated from empirical data about historical
developments of FiTs and so-called “values to be applied”
(replacing the FiT in the direct marketing regime) [55].
Each RES-E technology is subdivided in four representative
remuneration classes, since the remuneration for a specific
plant depends on the year of installation, the resource site,
the type and size of the technology, and the energy carrier
in use (the resource site is taken into account for wind
power plants; the type and size of technology is relevant
for PV and biomass plants and the energy carrier in use
for biomass plants only). Table 4 lists all characterizing
parameters for the renewable power plant agents. Their
revenue is based on the remuneration of the fed-in electricity
as well as on the bonus payments 𝑖bonus they receive from
the direct marketers. The value of 𝑖bonus corresponds to the
costs of the marketer 𝑐bonus. PPOs opting for direct marketing
receive new bonus offers at the beginning of each year from
different direct marketing agents (see also “Bonus Payments”
in Section 4.2.1). To capture transaction costs when switching
the partnering agent, the difference between the old and new
bonus offer must at least exceed a certain threshold 𝑥min.This
threshold increases with the height of the remuneration class
rc, as the relative attractiveness of additional bonus payments
correlates directly with the height of remuneration an agent
is already receiving (see also Section 5).

4.3. Agents without Scope of Decision-Making. Figure 2 shows
all agents in the AMIRIS model. Direct marketers and power

Table 4: Variables that characterize the type of renewable power
plant agents.

Variable Unit Description

𝜏 - RES-E technology of the
power plant operator

rc - Remuneration class this
agent is assigned to

P𝜏,rc(𝑡) [MW]
Installed capacity of this

technology in the
corresponding

remuneration class

𝑥min [€/MWh]

Threshold which needs to
be exceeded by a new
bonus offer in order to

switch contracts with direct
marketers

plant operators are implemented with heterogeneous charac-
teristics.They have several options for decision-making. Nev-
ertheless, other agents without scope of decision-making are
inevitable to complete the electricity systems representation.
Hence, they hold important information for the hole systems
functionality. They perform model endogenous calculations
that are not subject to their own pursuit of strategic goals like
revenue maximization.

4.3.1. Grid Operator Agent. According to the Ordinance on
a Nationwide Equalisation Scheme (German: “Ausgleich-
smechanismusverordnung”) [56], the grid operator is re-
sponsible for the settlement of the support schemes in place
and the payouts of FiTs andmarket premiums to the PPOs or
directmarketers, respectively. He calculates ex post the height
of the market premium for each remuneration class rc. For
this, he receives the past months market values MV𝜏 of the
VREs from the wholesale power market agent.

The agent also determines the balance energy price by
uniform random selection of PRbal. Additionally, the grid
operator conducts the auctions for the negative minute
reserve market. The marginal capacity price MCPCE is
determined by a multiple linear regression model with the
independent variables of the wholesale power market price𝑥1, the load 𝑥2, and the onshore wind feed-in 𝑥3:

MCPCE (𝑡) = −𝛼1 ⋅ ∑𝑡+4𝑡=ℎ 𝑥1,ℎ4 − 𝛼2 ⋅ ∑𝑡+4𝑡=ℎ 𝑥2,ℎ4 + 𝛼3
⋅ ∑𝑡+4𝑡=ℎ 𝑥3,ℎ4 + 𝛽

(6)

with 𝛼1 = 0.5304, 𝛼2 = 0.0029, 𝛼3 = 0.0005, and 𝛽 = 154.1.
The estimation of the regression parameters 𝛼 has been

derived from the negative minute reserve prices of the year
2011 [10].

4.3.2.Wholesale PowerMarket Agent. The agent representing
the power exchangemarket defines thewholesale power price
every time step and disburses the market revenue to the cor-
responding agents according to the uniform market clearing
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Table 5: Associated residual loads, RL, and wholesale power prices according to analysis of market situations with low (0–20 €/MWh) and
negative (<0 €/MWh) prices in Germany 2011 [15, 16].

Power price [€/MWh] 20 10 5 0 −5 −10 −30 −50 −75 −100
RL intervals [GW] 29.6 27.1 26.6 26.1 25.7 20.7 15.7 11.7 8.7 6.7
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Figure 4: Average monthly wholesale power market prices gener-
ated by the model (the underlying data input is given in the case
study Section 5). The line represents a linear fit to the data.

price MCPXM. For the calculation of the MCPXM a merit
order model is implemented. The merit order calculation is
based on the residual load and the marginal costs of the
conventional power plants MCPPconv. Marginal costs of each
power block 𝑞 of 200MW are set by (see also Table 1)

(i) fixed and variable costs of primary products 𝐶prim(𝑡)
(including fuel transportation or shipping);

(ii) certificate costs of carbon dioxide emissions 𝐶carb(𝑡);
(iii) efficiencies 𝜂(𝑡) of the power plants;
(iv) other variable costs 𝐶var(𝑡) (i.e., for insurance, etc.).

Once these costs are determined, they are ordered from the
lowest to the highest value. The MCPXM is set by the last
200MW power bloc 𝑞 needed to satisfy the residual load:

MCPXM (𝑡) = min(MCPPconv | 𝑛∑
𝑖=1

𝑞𝑖 ≤ RL) . (7)

Simulated average monthly clearing prices are shown in
Figure 4 for the years 2014 to 2019. Over the course of the
simulation the price-spread increases due to rising CO2-
certificate and fossil fuel prices but the average price decreases
due to the increased VRE feed-in with marginal costs of
approximately 0 €/MWh. The general structure of the price
curve reoccurs annually because only one representative
weather year and load profile are used.

Conventional must-run (must-run capacities are due
to power plants that offer complementary goods on other
markets (like ancillary services or heat) and therefore need to
be present in the wholesale market at all times, irrespective
of very low or negative wholesale market prices) capacity

is included via the definition of so-called “residual load
intervals.” The residual load intervals have been derived
from the analysis of market conditions in which wholesale
market prices have dropped below 20 €/MWh (reference year
2011, [10]). If the lower-bound of an interval boundary is
exceeded in a specific hour, the regular MCPXM calculation
mechanism described above is replaced by the associated
price of the corresponding residual load interval. Table 5 gives
the residual load reference values and its associated wholesale
power prices of the year 2011 in Germany. Over the course
of the simulation, the interval boundaries decrease from year
to year according to the development of the retirement of
conventional base-load capacities in [51].

The calibration of the power exchange model is con-
ducted by markups and markdowns of the conventional
power plant agents, which are added to or subtracted from
the MCPPconv values. The validation of the merit order model
can be found in [10].

4.3.3. Demand Side Agent. The model’s demand side is
represented by a time series comprising total load values for
each simulation step.The annual total energy consumption is
scaled according to scenario A values from [51].

4.3.4. Regulatory Framework Agent. The regulatory frame-
work agent holds all the energy policy information necessary
for simulating the market integration process of RES-E.
The law differentiates the remuneration for PPOs dependent
on the general type of the RES-E technology installed, the
potential full-load-hours at the installation site for wind
onshore plants, the size of the plant for PV plants, and
the chosen technology of biomass plants as well as on the
corresponding biomass substrate in use [4]. In addition,
as remunerations decrease over the years (since 2012 the
decrease of remunerations for wind onshore and PV plants
is carried out on a quarterly or even monthly basis) a
complicated payout structure has evolved in reality since
2000. As a consequence, by the year 2017, there are over 5.000
different remuneration categories within the EEG support
scheme and about 1.5 Mio. RES-E power plants in place [55].

A mapping of plants to actors in every detail would
require knowledge about each owner, plant type, and remu-
neration for each plant. Besides the fact that such information
is, if at all, not easy to access,mapping of all PPOs individually
would lead to a multiagent system (MAS) with over a million
agents to be parametrized.

Therefore, four different remuneration classes are defined
for each year and each renewable technology type 𝜏. This
more homogeneous assignment allows for a transparent
handling of the remuneration schemes in the model. Each
class contains information about the remuneration, the tech-
nology, and the corresponding installed power.
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Table 6: Table representing the direct marketers’ initial portfolios.

Direct marketer BM [MW] PV [MW] Wind [MW]
Big utility 522 1697 14145
Municipal utility 904 3394 8492
Small municipal utility 395 3394 1619
Green electricity provider 930 1697 3237
Startup 2602 23759 6873

The regulatory framework agent saves and updates this
information at the beginning of each year and remits the
relevant data to the grid operator agent, who is in charge
for the payouts of the support instrument in place (see also
Section 4.3.1). Further, the agent calculates the reference
market values MV𝜏,ref on a monthly basis and governs the
height of the management premium (compare “The Market
Premium” in the appendix).

5. Case Study

5.1. Model Setup and Agent Parametrization. In this section
a case study shall demonstrate the model’s basic working
mode and give an example for possible fields of analyses.
The case study examines the effects of a change in the
regulatory framework, taking into account the interplay of
the power plant owners and their possibility of changing their
contracted direct marketers.

The regulatory framework refers to the market premium
under the German Renewable Energy Sources Act (EEG) in
its version of 2012 [7], when the market premium scheme has
been introduced. Two variations of the correspondent man-
agement premium are analysed. In “Scenario 1,” the level of
the management premium 𝑀(𝑡) for variable (VRE) and dis-
patchable renewables is set to 3.7 €/MWh and 1.125 €/MWh,
respectively, in accordance with the initial values of the EEG
2012. In “Scenario 2,” 𝑀(𝑡) for VRE is reduced by 50%
to 1.85 €/MWh; for dispatchable renewables no changes are
assumed.This decrease of themanagement premium forVRE
reflects the decision of policymakers in 2012 when figuring
out that the original height of 𝑀(𝑡) has led to considerable
windfall profits for wind PPOs.

On the basis of an actor analysis [10, 48] (compare
Section 4.2.1), five different types of direct marketers were
aggregated for this case study: (1) big utility, representing big
and medium power supply companies; (2) municipal utility;(3) small municipal utility; (4) green electricity provider; and(5) startup. The technology specific size of the portfolios is
linearly growing each month according to the underlying
time series of installed power of each technology. These
numbers are based on empirical data on the number of plant
operators receiving FiTs or market premiums published by
the grid operators in Germany [55]. In the simulation, yearly
changes in portfolio sizes and composition might take place
due to the marketers’ competition for PPOs. The simulation
period for the case study is set to 2014 to 2019.

The initial technology specific composition of the portfo-
lios for the starting year 2014 is displayed in Table 6. A more
detailed resolution disclosing corresponding remuneration

classes can be found in Table 9. Other important differentia-
tion factors are the direct marketers’ specific forecast capabil-
ities as well as their capital resources (compare Section 4.2.1
and the appendix). Their initial parametrization is given in
Table 7.

In Section 4.2.1, we describe how the bonus payments of
marketers are changing throughout the simulation.The PPOs
can cancel their contract at the end of each simulation year
and enter into a new contract with another direct marketer
offering higher bonus payments if the corresponding thresh-
old value of 𝑥min is exceeded (compare Section 4.2.2). The
threshold 𝑥min depicts transaction costs and is parametrized
according to the power plants’ remuneration classes. It is
assumed that contracts for plants in lower remuneration
classes have lower thresholds as they gain proportionally
higher revenues (compare Section 4.2.2). Values have been
derived by taking the height of the starting bonus, rounding
it to an integer, and dividing it by four. The corresponding𝑥min values per remuneration class are displayed in Table 8.

5.2. Results

Scenario 1. In this scenario, the height of the management
premium is set according to the EEG2012.Overall good oper-
ating results are achieved by all marketers in this case, except
for the smallmunicipal utility (see Figure 5(a)).Thismarketer
shows a nonprofitable operation for 5 of the 6 simulated
years and operates with constantly decreasing bonus payouts.
The big municipal utility and the green electricity provider
start with the highest operating results of about 1.2 €/MWH
and 1.8 €/MWh, respectively. Their average results show
a decrease in the following years and a convergence to
0.5 €/MWh. Both marketers increase their bonus payouts
accordingly reaching a maximum of up to 2.5 €/MWh in
the last year of simulation. The operating results of startups
and big utilities exhibit a slow but steady growth for the
first-mentioned marketer and a nearly constant income on
average for the big utilities. Both fluctuate around a profit of
0.5 €/MWhanddecrease or increase their bonus payouts over
the years according to their operational results.

The specific balance energy cost (compare Figure 5(c))
of the small municipal utility is between double and triple
the costs of its competitors. This cost factor does not change
significantly over time and therefore poses a constant burden
for the marketer.

The switch of power plant owners to other marketers
offering a higher bonus payment starts after year two of
the simulation. At this moment the gap between lowest
and highest bonus offered is large enough to encourage
plant owners with a small threshold to switch the marketing
partner. The small municipal utility is the first to lose
clients to the green electricity provider, as the difference
of the bonus payouts is the largest between these two; see
Figure 5(b). In the following years, a part of the clients of
all other marketers switch to the green electricity provider
as well, except for clients from the big municipal utility.
Over the course of the simulation, the big utilities portfolio
is reduced by about 5GW, the one of the small municipal
utility is reduced by about 2.7GW, and the startup loses
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Table 7: Table representing the direct marketers’ initial forecast uncertainties and capital resources.

Direct marketer 𝜎price 𝜎power 𝜇power M€
Big utility 0.15 0.15 0.05 100
Municipal utility 0.15 0.15 0.05 50
Small municipal utility 0.25 0.25 0.15 20
Green electricity provider 0.2 0.15 0.05 20
Startup 0.15 0.2 0.1 20

Table 8: Table representing the power plant owners’ changing thresholds 𝑥min.

Remuneration class WAB [€/MWh] PV [€/MWh] BM [€/MWh]
1 0.5 0.5 0.5
2 1.0 1.0 2.0
3 1.5 1.5 1.5
4 2.0 2.0 1.0

Table 9: Installed capacity per remuneration class as assigned to the marketers at the beginning of simulation.

Direct marketer BM [MW] PV [MW] Wind [MW]
Big utility

RC 1 360 881 1648
RC 2 22 567 5342
RC 3 125 29 5960
RC 4 15 220 1195

Municipal utility
RC 1 719 1761 1030
RC 2 45 1134 3339
RC 3 125 59 3725
RC 4 15 440 398

Small municipal utility
RC 1 240 1761 206
RC 2 15 1134 668
RC 3 125 59 745
RC 4 15 440 -

Green electricity provider
RC 1 479 881 412
RC 2 30 567 1336
RC 3 375 29 1490
RC 4 46 220 -

Startup
RC 1 599 12329 824
RC 2 37 7940 2671
RC 3 1750 412 2980
RC 4 216 3077 398

about 2GW. The sum of them is added to the portfolio of
the green electricity provider doubling its portfolio size; see
Figure 7(a).

Scenario 2. In the scenario with a 50% reduced management
premium for VRE, the simulation shows a different devel-
opment of the marketers business success as can be seen in
Figure 6. The “big municipal utility” and green electricity
provider start with positive operating results; the other

marketers’ results are negative. Whereas the green electricity
provider can assure his income throughout the simulation
and increases his bonus payouts, the “big municipal utility”
earns about 0.5 €/MWh until year four hardly changing the
bonus. In this year the gap between own bonus payouts
and the highest payouts of the green electricity provider is
large enough to lose wind and biomass power plants. The
loss of biomass plants especially reduces the high profitable
income from the reserve market and, accordingly, the bonus
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Figure 5: Specific operational results, bonus payouts, balance energy costs, and income from the control energy market for all 5 marketers
in the first scenario.

is reduced in the following years with negative results of about−0.8 €/MWh.
The startup has an operational result of just below zero,

depletes all its available capital until the fourth year, and

reduces its bonus payout to 0 €/MWh. Already after the
second year, the bonus difference to the green electricity
provider is too large, losing a part of its biomass power plants
to this competitor. Accordingly, the income of the reserve
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Figure 6: Specific operational results, bonus payouts, balance energy costs, and income from the control energy market for all 5 marketers
in the second scenario with reduced management premium.

market decreases while the cost for balance energy increases.
The specific operational result drops to about −1 €/MWh in
year three.The capital of the startup is used up and bonus pay-
ments are stopped. Biomass, wind, and photovoltaic power

plant operators switch to the green electricity provider that
offers the highest bonus payouts. The new portfolio implies
a reduction of balance energy costs leading to a positive
operational result in year four. Yet the capital stock remains
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Figure 7: Continued.
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Figure 7: Evolution of the marketers’ portfolios for Scenario 1 (a) and Scenario 2 (b).

negative and bonus payouts are still ceased. A large fraction
of the remaining biomass plants leave the startup, resulting
in increased balance energy costs and negative operational
results of up to −2 €/MWh in the following years.

With an operational result of about −0.6 €/MWh over
the years, the big utility gradually reduces its bonus payout
without hardly any effect on its results.The only slow decrease
of bonus is due to the operational result to capital ratio;
compare Table 3 and Figure 8. The small municipal utility
loses money for every MWh produced. On average, this
marketer is losing every year 0.6 €/MWh more than in the
previous year. After the fourth year, it stops bonus payouts
and most of its portfolio’s wind and biomass plants switch
to another marketer. At the end of simulation, it is the
green electricity provider that increases its portfolio by about
4.5 GW from the big utility, 3.5 GW from “big municipal
utility,” 3 GW from small municipal utility, and 17GW from
the startup, Figure 7(b).

6. Discussion

6.1. Discussion of Case Study Results. The case study reveals
valuable insights concerning the income and portfolio
dynamics of different RES-E marketer actor classes. Scenario
1 shows that incumbent marketers such as big utilities that
focus on a largewind power portfolio-share can benefit due to
economies of scale from lower specific operational costs and
better forecast qualities. On absolute levels, their economic
success is among the best (see Figures 8 and 9). However,
we also identify a mediating disutility of scale. As described
earlier, marketers can profit by trading electricity on different
electricity markets, namely, the wholesale power market and
the negative minute reserve market. Yet, only the electricity
of biomass plants has been allowed to participate in the
control power market in the model (since 2017 also wind
power plant operators are allowed to bid firm capacity on
the control power market if certain prequalifying conditions
are fulfilled in a pilot phase). Trading electricity of these
controllable plants implies less balancing costs and improves
overall operational results. The access to this dispatchable

resource is limited and unevenly distributed among the
marketers’ portfolios. However, the actors analysis revealed
that upcoming small marketers often have better access to
biomass PPOs through personal connections to local farmers
and thus comparatively more biomass contracted in their
portfolio. Having access to this dispatchable energy source
can mitigate the disadvantages of small portfolio sizes. In
combination with an adequate forecast quality, this can lead
to financially successful marketing of RES-E, as the results of
the green electricity provider depict, allowing a niche of new
market entrants to survive next to incumbent marketers.

Additionally, the model allows the investigation of how
the market structure changes if marketers are enabled to
compete for new PPOs to complement their portfolio. The
bonus payout follows a simple adjustment rule: the higher the
operational result is, the higher the bonus marketers pay to
their contracted PPOs. This leads to a convergence towards
a common specific operational result for all marketers in
Scenario 1 (except for the small municipal utility) and ensures
a strong competition concerning the bonus payout and
the attraction of new PPOs. In this scenario, the bonus
adjustments and the contract switches of PPOs to other
marketers are onlymoderately dynamic. Comparatively small
gaps between bonus heights arise, and plant capacities of only
about 10GW in total switch marketers. Except for the small
municipal utility, the system stabilizes to a state in which four
successful marketers coexist.

Slight changes in the regulatory framework (a reduc-
tion of the management premium for VRE) lead to com-
pletely changed income and portfolio dynamics; compare
Figures 10 and 11. In Scenario 2, only one marketer manages
to trade the electricity profitably and to increase bonus
heights. All other marketers have to decrease their bonus
payouts and thus a large difference in payouts exists between
the marketers even in an early stage of simulation. Startups,
for example, struggle in the first four years with their oper-
ational result just below zero. During this time, they reduce
the bonus height to be profitable. In year four, the startup
manages to have a positive result but at the same time its
bonus payouts ceased and a large difference in bonus height to
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Figure 11: Scenario 2 results. Income and expenses of the marketers.
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the other marketers has emerged. Even with a well balanced
portfolio with a relatively large share of biomass plants, they
cannot offer bonus payouts and lose the biomass plants to
competitors. With the remaining variable renewables in their
portfolio and forecasts of minor quality, it is impossible for
the startup to trade profitably.

Clearly, the observed effect of a changed management
premium depends on the initial parametrization of the
studied marketers as well as on the behaviour of the power
plant owners. It is therefore important that an rigorous and
profound actors analysis is performed to gain parameter
values from empirical actors data. A relative comparison
between two scenario variants as presented here should be
uncritical, however. The question of parameter choice is
discussed in the upcoming subsection.

6.2. Model Outlook: Overcoming Current Weaknesses. In
agent-based modelling, the complexity of the modelled sys-
tems inevitably hampers the reporting of results as well as the
policy advice. However, for some years now, attempts have
been made to establish standards for the model description
[57], model calibration and validation [58], and the setting
up of simulation experiments [59].

In this line of reasoning, some of the used parameter
assumptions should be systematically elaborated in further
studies. Only an automated sensitivity analysis of a broad set
of parameters would offer the required confidence intervals
for a comprehensive quantitative evaluation. For example,
the setting of a starting bonus for all marketers is not very
realistic. Starting conditions should be adapted to the actors
according to their capabilities in order to avoid skewed
results in the beginning of the simulation. The threshold
parameter 𝑥𝑥min and the capital of the marketers can only
be based on educated guesses so far. Individual decisions and
confidentiality limit the information flow in these cases.

Likewise, the decision-making of actors has to be studied
and implemented with sufficient accuracy. The presented
bonus adjustment rules are grounded on the assumption
that marketers aim for an operational result of 0.5 €/MWh
(stated as “typical margin” in power trading in general in the
interviews) and adapt the bonus payouts according to the
budgetary surplus. An alternative approach would assign dif-
ferent goals for the operational results to different marketers.
However, it would be hard to estimate the marketers aim for
the operational results individually as those numbers would
be handled confidentially in real-world examples in most
cases. An even more sophisticated approach would optimize
the marketer’s profit in dependence on the choice of bonus
height.

Improvements of the presented bonus adjustment rules
would certainly address the current myopic decision rules, as
they are only based on operational results and the capital of
the last year. Additional learning from previous years would
improve the adoption of decision thresholds.

In general, the adaptability of AMIRIS’ agents—how
they change behaviours during the simulation—needs to be
enhanced. In this context, an important development goal is
themodel endogenous expansion of installed RES-E capacity.
This would allow for an estimation of the possible height of

incentives to reach certain deployment goals and to study
potential barriers for RES-E investments. Developments for
this are currently carried out.

Further model enhancements consider the use of flexibil-
ity options, the analysis of the demand side, and the mod-
elling of additional support mechanisms. This way, further
relevant dimensions in the future energy system’s complexity
are represented.

Besides the use as a standalone model, AMIRIS may
complement studies done with traditional energy system
optimization models in order to enhance insights for the
electricity system transformation from a market-based per-
spective (for a recent example, see, e.g., [60]). This way, the
so-called “efficiency gap” between optimal and real market
outcomes could be analysed. Additionally, conclusions might
be drawn from such complementary studies about why deci-
sions of heterogeneous actors on the microlevel might not
necessarily result in a cost-optimal system configuration at
the macrolevel and likewise on necessary policy instruments
design to achieve a cost-optimal system configuration.

6.3. Lessons Learned Using an Agent-Based Model Approach.
In a recent study, Macal presented a classification of
agent-based modelling approaches, namely, individual,
autonomous, interactive, and adaptive ABMs, in increasing
order of sophistication [61]. In adaptive ABMs, agents
change behaviours during the simulation. In comparison,
an interactive agent-based model offers individuality of the
agents with a diverse set of characteristics, endogenous and
autonomous behaviours, and direct interactions between
agents and the environment [61]. AMIRIS falls under the
interactive category. The agents are modelled with particular
scopes in decision-making, for example, the marketers’
decisions regarding the adjustment of bonuses. The agents’
interactions such as the one between marketer and plant
operator or between marketer and market determine their
success on the microlevel of actors. Nevertheless, agents do
not change behaviours during simulation.

For the purpose of themodel, however, this adaptability is
not necessary in order to study complex system interrelations.
With the case study, we present evidence for the existence of
economic niches that arise for smaller, upcoming marketers
and which can prevent a market concentration towards the
biggest marketers with best forecast qualities and lowest spe-
cific operational incomes. We thus show that specific agent
attributes like portfolio composition and size are decisive for
the evolutionary economic success of marketers. This shows
that sophisticated behavioural modelling is not always neces-
sary in an ABM to make claims about emergent phenomena
in systems and the complexity of agent interactions. Likewise,
it would be hard to gain these insights about portfolio effects
from other simulation methods but ABM.

The modelled market modules have been validated with
classical “history friendly” methods (compare [10]). Results
of AMIRIS depend on the interplay between several imple-
mented modules generating a macrooutcome that remains
hard to validate due to missing empirical data about market
structure developments. Therefore, model results are to be
interpreted as possible and plausible tendencies of the system
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development—an interpretation that is suitable for most
models with explorative character including ABMs.

AMIRIS allows importing changes in the regulatory
framework as input parameters for explorative scenarios,
considering that no normative system targets are to be
achieved by individual actors. Specific policy interventions
can be dynamically traced in the model. According to
the classification of intervention modelling carried out by
Chappin [62], this level should be aimed for when assessing
interventions in a model context. In this way, our approach
allows examining the impact of policy instruments consider-
ing the complex interplay between the regulatory framework,
the actors, and the technoeconomic regime (see also Figure 1).

7. Conclusion

The agent-based model AMIRIS has been developed in
order to analyse the impact of policy instruments regulating
renewable energy market integration. The model depicts the
electricity system as a complex sociotechnical system and
focuses on the interdependencies between the regulatory
framework, actors, andmarkets.Themodel contributes to the
scientific literature in several ways.

AMIRIS offers configurations of scenarios under different
external input parameters like RES-E policy support mech-
anisms. While there are other energy related ABMs that
explore the impact of policy instruments on energy markets
(see, e.g., [42, 43]), the focus on RES-E in a high temporal
resolution and the typecast of actor groups is unique in the
field of energy systems analysis to our best knowledge.

Different agent specifications enable defining the degree
of uncertainty and bounded rationality of the actors and
modelling heterogeneous system entities. Marketers espe-
cially can be defined in detail by specifying, for example, their
portfolios and cost structures and their capitalization and
forecast uncertainties.The specification of agents is crucial for
the right interpretation of simulation results, so actor analyses
have been conducted prior to model implementation and
simulations. The gained insights from such analyses are used
to map agent decision rules and to characterize the actors
and to configure corresponding parameters in AMIRIS. It
is shown that many market dynamics can be unraveled if
heterogeneous agent attributes are taken into consideration.

The case study demonstrated how only minor policy
changes can have a considerable effect on the agent popu-
lation. This indicates how well-prepared and parametrized a
transition of regulatory framework conditions has to be in
order to further ensure the functioning of the system and
the survival of particular actor classes. In Scenario 2, for
example, the economic survival of the startup and further
marketers might have been possible in case the regulatory
framework would have been changed by more circumspect
planning. We thus show that the intermediary market actors
have to be considered in case amendments of RES-E policy
instruments are planned as new interdependencies between
plant operators and marketers arise.

Niches play a vital role in innovation formation in
sociotechnical systems and are a fundamental driver of
system transition [63]. With AMIRIS, the emergence and

stability of energy market niches can be depicted without
prior knowledge about their prospect of success. Their
economic success would be hard to identify and trace in
other, more traditional modes of simulation. The model is
thus also business relevant if the results are viewed from an
actors perspective. For instance, the case study revealed that
competition and related changes of actors’ portfoliosmay lead
to bankruptcy of otherwise successful marketers.

To sum up, the paper demonstrates that agent-based
models are suitable in multiple dimensions to study the
dynamics of electricity systems under transition which are
driven by a diverse set of heterogeneous actors. While there
is still many open development goals (see Section 6.2), we do
not regard any of these issues raised as a fundamental concern
impossible to overcome.

Studying the energy system transition demands methods
that are able to capture the system’s complexity and dynamics.
An important property of ABM approaches is their ability
to flexibly use models in the model, enabling the researcher
to represent the system in multiple layers. We conclude that
agent-based modelling approaches like AMIRIS have the
ability to enhance the knowledge that is required to ensure a
successful energy system transition while preventing system
breakages.

Appendix

The revenue calculation is described in detail in the following
section. Revenue can be generated at the wholesale (XM)
and control energy market (CE); balancing energy (bal) can
add to the revenue if circumstances are favourable. The total
revenue is given by

𝑖 (𝑡) = 𝑖XM (𝑡) + 𝑖CE (𝑡) + 𝑖bal (𝑡) . (A.1)

The sold volume𝑉XM(𝑡) traded at the power exchangemarket
is refunded with the management premium 𝑀(𝑡) and allows
earnings of

𝑖XM (𝑡) = 𝑉XM (𝑡) ⋅ (ΠXM (𝑡) + 𝑀 (𝑡)) , (A.2)

with the wholesale power market price ΠXM(𝑡). Likewise,
revenues from the control energy market equate to

𝑖CE (𝑡) = 𝑉CE (𝑡) ⋅ ΠCE (𝑡) . (A.3)

The revenue frombalancing energy equals negative balancing
costs of the marketer; that is,

𝑖bal (𝑡) = −𝑐bal (𝑡) . (A.4)

The fix costs are calculated as

𝑐fix = 𝑐IT + 𝑐trade,fix. (A.5)

Variable costs equate to

𝑐var (𝑡) = 𝑐XM,trading (𝑡) + 𝑐pers,var (𝑡) + 𝑐bal (𝑡)
+ 𝑐fcst (𝑡) + 𝑐bonus (𝑡) . (A.6)
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Trading costs are based on the fees at the exchangemarket for
every traded MWh with

𝑐XM,trading (𝑡) = 𝑐trade,var ⋅ 𝑉 (𝑡) . (A.7)

In case balancing energy is required, the corresponding
volume 𝑉bal(𝑡) must be procured for a price PRbal and costs
are defined as

𝑐bal (𝑡) = PRbal ⋅ 𝑉bal (𝑡) . (A.8)

According to the actors analysis the prices PRfcst per MW
typically decrease with larger portfolio sizes, so

𝑐fcst (𝑡) = 𝑐fcst (P) ⋅ P (𝑡) . (A.9)

The size of𝑉bal(𝑡) is the difference between the real actual𝑉(𝑡)
and the forecast 𝑉fcst(𝑡) electricity feed-in at time 𝑡:

𝑉bal (𝑡) = 𝑉 (𝑡) − 𝑉fcst (𝑡) , (A.10)

where the latter has been forecast by the marketer 24ℎ before
and is determined by

𝑉fcst (𝑡 + 24 h) = 𝑉 (𝑡 + 24 h)
⋅ (1 + 𝜇power + 𝜎power ⋅ 𝑔) , (A.11)

with 𝑔 representing a random variable from a normal
distribution. 𝑉(𝑡 + 24 h) denotes the actual feed-in volume
24 h ahead. The revenue of the RES operator agents is based
on the remuneration and the bonus payments from the direct
marketer; that is,

𝑖 (𝑡) = 𝑉el ⋅ (Πrc (𝑡) + 𝑖bonus (𝑡)) . (A.12)

The Market Premium. The aim of the market premium
under the EEG is to integrate renewable energy sources
into the energy market system by fostering direct marketing.
Producers receive a financial compensation for the difference
between energy-source-specific values to be applied (replac-
ing the fixed feed-in tariff) as a calculation basis and themar-
ket value. This is the average energy-source-specific monthly
value of the hourly contracts on the spotmarket for electricity
(Part 3, Division 1 and Annex 1 EEG 2017). Compensating for
occurring costs fromdirectmarketing the values to be applied
are higher than the replaced feed-in tariffs. The difference is
set to 2 €/MWh for dispatchable renewables and 4 €/MWh
for intermittent renewables (Section 53 EEG 2017). Under
EEG 2012 such a difference has been separately disclosed as a
management premium (Section 33g EEG 2012).
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Thermostatically controlled loads (TCLs) are a flexible demand resource with the potential to play a significant role in supporting
electricity grid operation. We model a large number of identical TCLs acting autonomously according to a deterministic control
scheme to provide frequency response as a population of coupled oscillators. We perform stability analysis to explore the danger
of the TCL temperature cycles synchronising: an emergent phenomenon often found in populations of coupled oscillators and
predicted in this type of demand response scheme.We take identical TCLs as it can be assumed to be the worst case.We find that the
uniform equilibrium is stable and the fully synchronised periodic cycle is unstable, suggesting that synchronisation might not be as
serious a danger as feared.Then detailed simulations are performed to study the effects of a population of frequency-sensitive TCLs
acting under real system conditions using historic system data. The potential reduction in frequency response services required
from other providers is determined, for both homogeneous and heterogeneous populations. For homogeneous populations, we find
significant synchronisation, but very minimal diversity removes the synchronisation effects. In summary, we combine dynamical
systems stability analysis with large-scale simulations to offer new insights into TCL switching behaviour.

1. Introduction

To operate the electricity grid reliably and securely requires
controlling a number of factors, one of which is the electricity
grid frequency. The AC frequency continually varies close
to its nominal value (50Hz in Europe) and is kept there by
the System Operator (SO) in order to respect regulations and
prevent network instabilities and blackouts. This is mainly
done by employing flexible power generators, such as gas
turbines, to vary their output in response to imbalance
between supply and demand. This type of service is often
known as frequency response, or frequency regulation. With
the arrival of large numbers of wind and solar farms, smart
meters, and thousands of domestic solar panels, uncontrolled
and largely invisible to the System Operator, new challenges
and opportunities have arisen. Rather than relying on a few
large (typically fossil-fuelled) power plants to provide system
balancing, there is the potential, and perhaps a need, for
consumers to play a role. However, for a large number of

very small players to participate would require a modelling
approach capable of incorporating the complexities of such a
system and foreseeing emergent phenomena that may arise
as a result of the interactions involved. In this article we
explore the potential for certain types of domestic appliances
to provide frequency response through simple deterministic
rules and consider the possibility of (potentially harmful)
demand synchronisation.

Thermostatically controlled loads (TCLs) are well-suited
for the provision of demand-side response (DSR), due to their
simple temperature set point operating rules and ubiquity in
society. Examples include fridges, freezers, air-conditioners,
hot-water tanks, heat pumps, and swimming pool pumps.
Research into the possibility of using TCLs for grid balancing
services began in the 1980s with key papers such as [1–4].
Despite the existence of technology for creating frequency-
sensitive TCLs for nearly 40 years, implementation remains
limited to a relatively small number of trials [5–9]. There
are a number of reasons for the absence of large roll-outs of
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Table 1: Comparison of centralised and decentralised TCL control strategies. Informed by, for example, [19, 38].

Centralised control Decentralised control

Key features
(i) TCLs instructed by a central controller (i) Autonomous local control

(ii) 2-way communication in all TCLs (ii) Control scheme established once, may
be updated periodically

Advantages
(i) Highly controllable (i) No communications infrastructure

required
(ii) Reasonably predictable (ii) No security risks

(iii) Very fast response possible

Disadvantages

(i) Establishing and maintaining a secure
communications network are very
expensive
(ii) Response time limited by
communication speed
(iii) Vast amounts of data to manage
(iv) Data and appliance control security
risks
(v) Negative public perceptions of
external control of home appliances

(i) Response is less predictable than with
centralised control
(ii) Synchronisation and instability effects
possible and not yet fully understood
(iii) Errors and noise in local frequency
measurements more likely

highly distributed DSR schemes [10, 11]. Historically, control
paradigms from both technical and economic perspectives
have been established for service provision from a (relatively)
small number of large power plants. Understandably, the
critical nature of electricity grid operation and security deters
potentially risky changes and experimentation, and so a
great deal of motivation is required for shifts away from
traditional approaches. Service availability and reliability can
be improved by splitting a service between a multitude of
providers, compared to a single unit which will become
completely unavailable in the event of a fault or scheduled
repair [9, 12]. Yet there is also inherent complexity and
potentially reduced predictability in procuring services from
thousands of very small demand-side resources if they
act autonomously, which is undoubtedly an obstacle to be
overcome. Effects on consumers and their appliances will
also be of concern to potential participants. Finally, it will be
crucial for the success of any scheme, to adequately address
the requirements for minimum participation numbers and
develop the right business models that ensure fair rewards
and effective incentives.

The changing energy landscape in the 21st century has
brought a new focus to the use of TCLs for electricity grid
support and a wealth of literature on the topic [5, 9–11, 13–37].
Work has varied in nature from mathematical frameworks
to numerical simulations and real-world trials. Most of the
theory can be applied to any type of TCL, and simulations
have covered many different possible TCL technologies. A
variety of control schemes have been proposed, many of
which are discussed and compared in [10, 19, 35]. There
are two main classes into which these types of TCL control
schemes can be divided: centralised and decentralised con-
trol (with a spectrum in between). Their key features and
comparative advantages and disadvantages are summarised
in Table 1. It is widely accepted that if millions of TCLs could
be used for frequency response they could potentially provide
a valuable resource for the system. However, if each device

needed constant communication with a central controller,
sending data about its temperature and switching history
and receiving operation instructions, then the economics
and security risks would severely outweigh the benefits of
the service. Public perception of the service is also vital
for the implementation of any control scheme that involves
appliances in people’s homes. For these reasons we choose
to focus on decentralised control for our research. A better
understanding, however, of the potential undesirable side-
effects of decentralised control, is required before any control
strategy could be put in place.

The challenges of implementing a decentralised con-
trol scheme largely centre around the propensity for TCL
temperature cycling to become synchronised. A number of
simulations in the literature indicate TCL synchronisation
following a frequency disturbance, for example, [13, 21, 22,
25, 30–32]. As a result, various control schemes have been
proposed that aim to prevent such behaviour. A popular
choice is some form of stochastic temperature set point
control [11, 13, 33, 34, 39, 40]. For example, [11] simulates a
heterogeneous population of electric heaters in the Nordic
power grid, with deterministic control to respond to sud-
den frequency fluctuations followed by randomised switch
times as the system returns to normal. Domestic fridges
are modelled in [13] as Markov-jump linear systems where
the on/off switching is governed by transition probability
rates rather than temperature set points. These rates are
determined by choosing the desired population average
temperature or duty cycle, and the temperature probability
density is steered towards a desired distribution. While
stochastic control schemes do offer solutions to the potential
for demand synchronisation, they are typically accompanied
by two disadvantages. Firstly, naive stochastic switching can
involve a TCL switching twice (or more) within a short time
frame, which is detrimental to serving its purpose, and can
causewear on the device (though non-Markovian approaches
can avoid this). Secondly, learning that home appliances will
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randomly switch on and off could cause negative public
perceptions of a DSR scheme. We believe further study of
potential deterministic schemes would be beneficial before
putting attention on stochastic schemes, particularly given
the natural diversity in TCL populations that could prevent
synchronisation phenomena.

An alternative to direct instructions and frequency sig-
nals is the use of a price signal that TCLs could respond
to. The advantages of price signals are that it is possible
to measure the financial benefits to consumers of DSR
participation, and individual consumers could potentially
make their own choices about the value they place on service
disruption at, say, given times of day. However, current price
signals typically change on half-hourly or at least several-
minute time scales, which makes them ill-suited for dynamic
frequency response. Reviews on the use of price signals for
demand response can be found in [41–43]. A related approach
proposed in [44] involves each device calculating the price
directly from the grid frequency, and the authors argue that
a well-chosen design for the controller and frequency-price
coupling may prevent possible oscillations and instabilities.
However, the drawbacks of price-based demand response, as
remarked upon in [27], are the potential for synchronisation
and the exposure of customers to price volatility, which could
prevent sufficient participation for success.

In [13] Angeli and Kountouriotis offer theoretical argu-
ments for the long-term tendency of the system towards
TCL synchronisation. It is reasoned that any “small periodic
ripples in power system frequency will gradually entrain
oscillations of refrigerators that have similar frequencies
of oscillation, thus reinforcing the frequency ripple and
eventually leading to an even larger number of entrained
refrigerators.” We concur with the mathematical reasoning
presented. However, we believe that further reasoning and
inquiry are required for a more complete understanding of
this phenomenon.

A population of TCLs responding to frequency through
preset deterministic rules with no other communications
or control can be thought of as a system of coupled oscil-
lators. Synchronisation phenomena emerging from systems
of coupled oscillators have been studied in many contexts,
from neural signals in the brain to flashing fireflies [45].
The Kuramoto framework was developed [46, 47] which
elegantly describes basic features of such systems and allows
for stability analysis. Inspired by results for the Kuramoto
model, in this article we explore the stability of a system of
TCLs and grid frequency using techniques from dynamical
systems and agent-based modelling.

We study the potential for a population of TCLs to
support grid frequency and explore the possibilities for
frequency-sensitive TCLs to cause instabilities due to cycle
synchronisation. We use techniques from dynamical systems
stability analysis along with simulations that incorporate data
from the British power grid. In Section 2 we introduce our
model for a population of TCLs and the electricity grid
frequency and explain our choices of parameter values. In
Section 3.1 we present a stability analysis of the nominal
frequency in the presence of a uniformly distributed pop-
ulation of TCLs. Section 3.2 solves the behaviour of a fully

synchronised TCL population and analyses the stability of the
population under a split into two groups. Section 4.1 describes
our simulations of a large population of TCLs using the
model in Section 3.1. Section 4.2 describes our simulations of
a population of TCLs acting on the system in the presence of
other frequency response providers and naturally occurring
frequency fluctuations, including simulations of a heteroge-
neous population. Section 5 contains our final discussion and
conclusions.

2. Modelling TCLs and Electricity
Grid Frequency

Themodelling is kept appliance-neutral where possible, but it
is set up for cooling devices such as fridges, (fridge-)freezers,
and air-conditioners and would need to be altered in minor
ways for other appliances such as heat pumps and hot-water
tanks. We make the following assumptions:

(i) Electricity grid frequency is the same everywhere on
the network and there are no inter-area oscillations
[48] (therefore all machines on the power grid are
assumed to rotate in synchrony).

(ii) All TCLs sense frequency deviations with negligible
measurement delay or measurement error.

(iii) All system parameters remain constant over time.
(iv) Fridges and freezers are not affected by the fridge/

freezer door being opened, or by the addition or
removal of food (in effect we assume this never
occurs).

(v) TCLs have continuous thermostat control (in temper-
ature and time) and can therefore sense and imple-
ment temperature/set point changes with infinite
precision.

(vi) TCLs consume constant power when on and zero
power when off and are controlled only by the rules
outlined in the model.

These assumptions allow us to create a tractable model for
analytic study. Assumptions (iii) and (iv) are probably the
easiest and most natural to relax first and could be relaxed
by adding time-dependent forcing effects. For most of the
paper we consider a population of identical TCLs, but our
formulation can be extended easily to an inhomogeneous
population and we believe the effects of sufficient diversity
will be stabilising, as supported by our final simulation.

2.1. Individual TCLs. For the temperature cycling of a TCL
we adopt the linear model and notation presented in [13].
Let the temperature of a TCL at time 𝑡 be denoted by 𝑇(𝑡),
the cooling/heating coefficient by 𝛼, and the asymptotic
temperatures that the TCL would reach if left on and off
indefinitely by 𝑇ON and 𝑇OFF, respectively. Then

�̇� (𝑡) = {{{
𝛼 (𝑇ON − 𝑇 (𝑡)) when the TCL is on

𝛼 (𝑇OFF − 𝑇 (𝑡)) when the TCL is off . (1)
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A (cooling) TCLwill switch offwhen the temperature reaches
its lower temperature set point 𝑇− and switch on when it
reaches its upper temperature set point 𝑇+. We choose to
make these set points sensitive to system frequency deviations
away from 50Hz, denoted 𝑓(𝑡) (i.e., 𝑓(𝑡) = Frequency(𝑡) −50Hz). Insufficient generation to meet demand causes 𝑓 < 0
and so we need the TCLs to reduce their power consumption
to bring 𝑓 back to zero. We implement this by increasing the
temperature set points so that the TCLs switch off sooner/stay
off for longer. Oversupply of electricity to the grid causes𝑓 > 0, and so in this case we decrease the temperature set
points to increase overall power consumption.Thuswe define
our frequency-sensitive temperature set points,

𝑇− (𝑓 (𝑡)) fl 𝑇0− − 𝛽−𝑓 (𝑡)
lower (switch off) set point (2a)

𝑇+ (𝑓 (𝑡)) fl 𝑇0+ − 𝛽+𝑓 (𝑡)
upper (switch on) set point, (2b)

where 𝛽−, 𝛽+ are positive constants that determine the
sensitivity of the lower and upper temperature set points to
frequency deviations. 𝑇0− and 𝑇0+ are the uncoupled (a fridge
is “uncoupled” from the grid frequency if 𝛽− = 𝛽+ = 0)
temperature set points, which we typically take to be 2∘C
and 7∘C, respectively. This framework is very similar to that
suggested in [30], although we allow the upper and lower
temperature set points to have different sensitivities to the
frequency (𝛽− and 𝛽+).

We can solve (1) for the temperature of a TCL at time 𝑡. If
a TCL has temperature 𝑇0 at time 𝑡0 and does not switch on
or off before time 𝑡 then the temperature 𝑇(𝑡) is given by

𝑇 (𝑡) = (𝑇0 − 𝑇ON) 𝑒−𝛼(𝑡−𝑡0) + 𝑇ON when on (3a)

𝑇 (𝑡) = (𝑇0 − 𝑇OFF) 𝑒−𝛼(𝑡−𝑡0) + 𝑇OFF when off . (3b)

We can rearrange (3a) and (3b) and solve for the on and off
durations 𝜏ON and 𝜏OFF, respectively, assuming constant grid
frequency:

𝜏ON (𝑓) = 1𝛼 log(𝑇+ (𝑓) − 𝑇ON𝑇− (𝑓) − 𝑇ON
) (4a)

𝜏OFF (𝑓) = 1𝛼 log(𝑇OFF − 𝑇− (𝑓)𝑇OFF − 𝑇+ (𝑓)) . (4b)

These variables will be useful when we consider the equi-
librium of the system, in which the temperature set points
become fixed. In the traditional case when TCLs are uncou-
pled from the grid (or the special case 𝑓 ≡ 0) their “natural”
on and off cycle durations, 𝜏0ON and 𝜏0OFF, are given by

𝜏0ON = 1𝛼 log(
𝑇0+ − 𝑇ON𝑇0− − 𝑇ON

) (5a)

𝜏0OFF = 1𝛼 log(
𝑇OFF − 𝑇0−𝑇OFF − 𝑇0+) . (5b)

In order for the TCLs to operate properly they need to cycle
on and off, and so we require that

𝑇ON < 𝑇− (𝑓 (𝑡)) < 𝑇+ (𝑓 (𝑡)) < 𝑇OFF ∀𝑡. (6)

We also need a TCL to respond “appropriately” to a change in
frequency, that is to say, for the average power consumption
over one cycle to increase when the frequency increases
and decrease when the frequency decreases. It is shown in
Appendix A that a sufficient condition to ensure this is

𝛽+𝛽− ∈ (
𝑇OFF − 𝑇+𝑇OFF − 𝑇− ,

𝑇+ − 𝑇ON𝑇− − 𝑇ON
) (7)

which is a nonempty interval (notably containing {1}).
2.2. Electricity Grid Frequency. A simplified equation for
the frequency 𝐹 of a power system can be determined by
Newton’s 2nd Law of Motion or the derived equation for
energy. If we let 𝑓 fl 𝐹 − 𝐹0, where 𝐹0 is the nominal grid
frequency (50Hz in Europe) and linearise about 𝐹0, then we
obtain [26]

𝑀d𝑓
d𝑡 + 𝐷𝑓 (𝑡) = Δ𝑃𝑔 − Δ𝑃𝑙 (8)

and for brevity we introduce new variables along with explicit
consideration of TCL power consumption

d𝑓
d𝑡 (𝑡) = 𝑐 (Δ𝑃 − 𝜌 (𝑡) 𝑃𝑐) − 𝛾𝑓 (𝑡) , (9)

where

𝑀 fl 4𝜋2𝐼𝐹0 stands for 2𝜋 times nominal angular
momentum of the rotating masses in the system,
𝐼 stands for total inertia of the rotating masses of the
system,
𝐷 stands for damping factor representing the natural
frequency dependence of the load alongside the
damping provided by synchronous generator damper
windings,
Δ𝑃𝑔 stands for change in total active power genera-
tion, compared to a reference level,
Δ𝑃𝑙 stands for change in total active power load,
compared to a reference level,
𝑐 fl 1/𝑀 stands for inverse nominal angular momen-
tum, introduced for brevity,
Δ𝑃 stands for “surplus power generation for the
TCLs;” total system active power generation minus
total system active power load, excluding TCL power
consumption,
𝜌 stands for proportion of TCLs switched on,
𝑃𝑐 stands for power consumed by TCL population
when all switched on,
𝛾 fl 𝐷/𝑀 is a variable introduced for brevity.
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We make the simplifying assumption in Sections 2 and 3
that the “surplus” power generation on the system for TCL
consumption Δ𝑃 is a constant. We use the “∗” notation to
denote equilibrium values. In equilibrium

𝑐 (Δ𝑃 − 𝜌∗𝑃𝑐) − 𝛾𝑓∗ = 0, (10)

hence

𝑓∗ = 𝑐𝛾 (Δ𝑃 − 𝜌∗𝑃𝑐) , (11)

and therefore we can rewrite our equation for ̇𝑓 in terms of
deviations from equilibrium values:

̇̃𝑓 (𝑡) = 𝑐𝑃𝑐 (𝜌∗ − 𝜌 (𝑡)) − 𝛾𝑓, (12)

where

𝑓 fl 𝑓 − 𝑓∗. (13)

2.3. Parameter Choices. We take as reference theGreat Britain
(GB) electricity system. This covers England, Scotland, and
Wales. In 2015 approximately 10.4m households in the UK,
which also includes Northern Ireland, owned a fridge and
19.1m households owned a fridge-freezer [49]. In the same
year approximately 2.8% of the population lived in Northern
Ireland [50]. If we assume that the average number of people
per household is the same in Northern Ireland and in GB and
an even distribution of fridge and fridge-freezer ownership,
then approximately 10.1m and 18.6m households in GB
owned a fridge and fridge-freezer, respectively. If using TCLs
for frequency response became standard practice, that would
mean that a very large number of appliances could participate
in frequency response. Wemodel the case of 1 million fridges
participating in frequency response, which corresponds to
roughly 10% of fridges in GB. We take the power consumed
by an individual fridge when switched on, 𝑝, to be 70W, as
assumed in [32, 33]. This means that we let 𝑝 = 7 × 10−5MW
and the total power consumption if all fridges were switched
on,𝑃𝑐 = 7×10−5×106 = 70MW.Using our approximation foṙ𝑓(𝑡) [51], 𝑐 = 50/(2𝐸𝑘). Our GB system data (discussed later)
gives an approximate average value for total stored kinetic
energy 𝐸𝑘; 𝐸𝑘 = 2.5 × 105MVAs (note that MVAs = MJ),
and so 𝑐 = 1 × 10−4. We let 𝜌∗ vary between 0 and 1 by
changing Δ𝑃. Our parameters are summarised in Table 2,
and throughout this paper take these values unless stated
otherwise.

3. Stability Analysis

Concerns that frequency-responsive TCLs controlled by
deterministic rules will exhibit herding behaviour and create
frequency oscillations have been raised in various previous
works, either by predictions or examples from simulations
[13, 21, 22, 25, 30–32]. The simplicity of our model allows
for a rigorous mathematical treatment of the stability of a
population of TCLs responding according to the scheme
introduced above. In the first part of this section we model
a TCL population as a continuum on the temperature cycle

Table 2: Parameter values assumed, unless stated otherwise.

Parameter Value Units
𝑇OFF 20 ∘C𝑇ON −26 ∘C𝑇0− 2 ∘C𝑇0+ 7 ∘C𝛼 1.808 × 10−4 s−1𝛽+ 2.4 ∘C⋅Hz−1𝛽− 2.4 ∘C⋅Hz−1𝑐 1 × 10−4 Hz(MVAs)−1𝛾 0 s−1𝑝 7 × 10−5 MW𝑃𝑐 70 MWΔ𝑃 0.3355 MW

and linearise about the equilibrium discussed in Section 2.2.
In the second part of this section we consider the opposite
extreme for a TCL distribution (one or two Dirac delta
distributions), solving for the behaviour of a fully synchro-
nised population of TCLs and studying the dynamics of two
synchronised groups.

3.1. Uniform Distribution of TCLs. We begin by studying
the stability of a population of TCLs uniformly distributed
in phase (meaning the time since last switch on). This
means that under constant temperature set point conditions
the TCLs would switch on at a constant rate and switch
off at a (possibly different) constant rate (note that since
TCLs heat (or cool) at different rates depending on their
current temperature, uniformly distributing the TCLs within
each part of the cycle does not correspond to uniformly
distributing the population over the temperature scale). In
the context of the Kuramoto model this is usually referred to
as the “incoherent solution,” for example [47, 52]. Just as in
Strogatz andMirollo’s treatment of the Kuramotomodel [52],
we model the infinite-N limit of a population of TCLs as a
continuumof TCLs distributed over an interval with periodic
boundary conditions.

In order to obtain a tractable model, comparable to the
Kuramoto model, three key challenges must be addressed.
Firstly, the TCL temperature cycling is described by the
piecewise-smooth nonlinear function (see (3a) and (3b)),
with nondifferentiability at each temperature set point. Sec-
ondly, these set points are continuously changing with grid
frequency, and so any map to a periodic regime must be
sufficiently flexible to accommodate this. Finally, in order
to know a TCL’s rate of change of temperature at any time,
one needs to know both its current temperature and its
current (on/off) state. We therefore propose a newmodelling
framework to overcome these challenges and permit stability
analysis for the model.

We map each TCL with temperature and on/off state to a
point 𝜃 on the interval [−1, 1), in such a way that 𝜃 dictates
both the temperature and the state of a TCL. The switched
off TCLs are mapped to the interval [−1, 0) and the switched
on TCLs are mapped to [0, 1). Then we define the position
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𝜃(𝑡) of a TCL at time 𝑡 with temperature 𝑇(𝑡) and state on or
off by

𝜃 (𝑡) =
{{{{{{{{{

𝜃ON (𝑡) = 1𝛼𝜏ON (𝑓 (𝑡)) log(
𝑇+ (𝑓 (𝑡)) − 𝑇ON𝑇 (𝑡) − 𝑇ON

) ∈ [0, 1) if on

𝜃OFF (𝑡) = 1𝛼𝜏OFF (𝑓 (𝑡)) log(
𝑇OFF − 𝑇+ (𝑓 (𝑡))𝑇OFF − 𝑇 (𝑡) ) ∈ [−1, 0) if off .

(14)

Note that the model implicitly assumes that the temperature
set points never change fast enough to leave a TCL outside
of the interval [𝑇−(𝑓(𝑡)), 𝑇+(𝑓(𝑡))]. Since in this paper we use
this model for only linear stability analysis about the equilib-
rium, we consider this to be a reasonable assumption. Our
choice of 𝜃means that uniformly distributing a population of
TCLs over each part of the temperature cycle (as discussed
above) corresponds to a uniform distribution of on and off
TCLs in their respective halves of 𝜃-space.

As in [52], we consider the population density in 𝜃-space;
let 𝑢(𝜃, 𝑡)d𝜃 denote the fraction of TCLs that lie between 𝜃
and 𝜃+d𝜃 at time 𝑡.Then 𝑢 is nonnegative, with period length
2 in 𝜃, and satisfies the normalisation

∫+1
−1

𝑢 (𝜃, 𝑡) d𝜃 = 1 (15)

for all 𝑡. The evolution of 𝑢 is governed by the continuity
equation [53]

𝜕𝑢𝜕𝑡 + 𝜕𝜕𝜃 (𝑢V) = 0, (16)

where V is the velocity of a TCL in 𝜃-space, V(𝜃, 𝑡) fl ̇𝜃(𝑡).
Differentiating (14) gives

VON (𝜃, 𝑡) = 1𝜏ON (𝑓 (𝑡)) (1
+ 1𝛼 [𝜙ON (𝑓 (𝑡)) 𝜃 − 𝛽+𝑇+ (𝑓 (𝑡)) − 𝑇ON

] ̇𝑓 (𝑡))
(17a)

VOFF (𝜃, 𝑡) = 1𝜏OFF (𝑓 (𝑡)) (1
+ 1𝛼 [𝜙OFF (𝑓 (𝑡)) 𝜃 + 𝛽+𝑇OFF − 𝑇+ (𝑓 (𝑡))] ̇𝑓 (𝑡)) ,

(17b)

where

𝜙ON (𝑓) fl 𝛽+𝑇+ (𝑓) − 𝑇ON
− 𝛽−𝑇− (𝑓) − 𝑇ON

(18a)

𝜙OFF (𝑓) fl 𝛽+𝑇OFF − 𝑇+ (𝑓) −
𝛽−𝑇OFF − 𝑇− (𝑓) . (18b)

Note that, for 𝛽+/𝛽− satisfying (7), 𝜙ON(𝑓) < 0 and𝜙OFF(𝑓) > 0. Under a constant grid frequency, ̇𝜃ON and

̇𝜃OFF are constants. In equilibrium 𝑢∗ we have �̇�∗ = 0, and
therefore (16) implies

𝑢∗ON (𝜃) = 𝑘0
V∗ON (𝜃) ;

𝑢∗OFF (𝜃) = 𝑘0
V∗OFF (𝜃) ,

(19)

for some constant 𝑘0. Since ̇𝑓∗ = 0, from (17a) and (17b) we
have

V∗ON = 1𝜏∗ON
;

V∗OFF = 1𝜏∗OFF
.

(20)

Then for all 𝜃 ∈ [−1, 0), [0, 1), respectively,
𝑢∗ON (𝜃) = 𝑘0𝜏∗ON

𝑢∗OFF (𝜃) = 𝑘0𝜏∗OFF

(21)

and 𝑘0 is determined by the normalisation criterion (15),

𝑘0 = 1𝜏∗ON + 𝜏∗OFF
. (22)

The proportion of TCLs switched on, 𝜌(𝑡), is given by

𝜌 (𝑡) = ∫1
0
𝑢 (𝜃, 𝑡) d𝜃. (23)

In equilibrium 𝜌(𝑡) = 𝜌∗ (12),
𝜌∗ = ∫1

0
𝑢∗ (𝜃, 𝑡) d𝜃 = 𝜏∗ON𝜏∗ON + 𝜏∗OFF

. (24)

We introduce the notation “∙” to imply that an equation
holds for the variable with either of two values, “on” or “off.”
Our approach is to perturb the system about the equilibrium(𝑢∗, 𝑓∗) by a small amount 𝜏∗∙ 𝜂(𝜃, 𝑡) and to consider the evo-
lution of the perturbation. By (15) the perturbation satisfies

∫+1
−1

𝜂 (𝜃, 𝑡) d𝜃 = 0. (25)
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We write

𝑢∙ = (𝑘0 + 𝜂 (𝜃, 𝑡)) 𝜏∗∙ (26)

V∙ = 1𝜏∗∙ (1 + 𝑤 (𝜃, 𝑡)) (27)

so that (16) becomes

𝜏∗∙ 𝜕𝜕𝑡 [𝜂] + 𝜕𝜕𝜃 [𝑘0 + 𝑘0𝑤 + 𝜂 + 𝜂𝑤] = 0. (28)

Taking the first-order approximation yields

𝜏∗∙ 𝜕𝜕𝑡 [𝜂] + 𝑘0 𝜕𝜕𝜃 [𝑤] + 𝜕𝜕𝜃 [𝜂] = 0. (29)

Rearranging (27) for𝑤 and substituting (17a) and (17b) for V∙
give

𝑤ON = 1𝛼 (𝜙∗ON𝜃 − 𝛽+𝑇∗+ − 𝑇ON
) ̇𝑓 (𝑡) − 𝛿𝜏ON (𝑡)𝜏∗ON

𝑤OFF = 1𝛼 (𝜙∗OFF𝜃 + 𝛽+𝑇OFF − 𝑇∗+ ) ̇𝑓 (𝑡) − 𝛿𝜏OFF (𝑡)𝜏∗OFF
,

𝛿𝜏ON (𝑡) = −𝜙
∗
ON𝑓 (𝑡)𝛼 ; 𝛿𝜏OFF (𝑡) = −𝜙

∗
OFF𝑓 (𝑡)𝛼 .

(30a)

Hence
𝜕𝜕𝜃 [𝑤∙ (𝑡)] = 1𝛼 [𝜙∗∙ ̇𝑓 + (𝑤 (𝑡)|𝜃=0+ − 𝑤 (𝑡)|𝜃=0−) 𝛿 (𝜃)
+ (𝑤 (𝑡)|𝜃=−1 − 𝑤 (𝑡)|𝜃=1) 𝛿 (𝜃 − 1)]

𝜕𝜕𝜃 [𝑤∙ (𝑡)] = 1𝛼 [𝜙∗∙ ̇𝑓 − ]0𝛿 (𝜃) + ]1𝛿 (𝜃 − 1)] ̇𝑓 (𝑡)
+ 𝜇𝛼 [𝛿 (𝜃 − 1) − 𝛿 (𝜃)] 𝑓,

(31)

where we have defined

]0 fl
𝛽+𝑇∗+ − 𝑇ON

+ 𝛽+𝑇OFF − 𝑇∗+ > 0 (32a)

]1 fl
𝛽−𝑇∗− − 𝑇ON

+ 𝛽−𝑇OFF − 𝑇∗− > 0 (32b)

𝜇 fl
𝜙∗OFF𝜏∗OFF

− 𝜙∗ON𝜏∗ON

> 0 if
𝛽+𝛽− satisfies (7) with 𝑇∗± .

(32c)

We have a time-invariant linear system (29), and so it is
natural to look for solutions for which the time dependence
of our variables 𝑓 and 𝜂 is 𝑒𝜆𝑡; 𝜆 ∈ C is called an eigenvalue
of the system. Defining 𝑘 fl 𝑘0/𝛼 and renaming 𝑓 to 𝑓, (29)
becomes

𝜏∗∙ 𝜆𝜂 + 𝜕𝜂𝜕𝜃 + 𝑘 [𝜙∙ − ]0𝛿 (𝜃) + ]1𝛿 (𝜃 − 1)] 𝜆𝑓
+ 𝑘𝜇 [𝛿 (𝜃 − 1) − 𝛿 (𝜃)] 𝑓 = 0.

(33)

We introduce an integrating factor so that on the open
intervals (−1, 0) ∪ (0, 1) we can find an expression for 𝜂(𝜃):

𝜕𝜕𝜃 (𝑒𝜆𝜏
∗

∙
𝜃𝜂) + 𝑘𝜙∙𝜆𝑓𝑒𝜆𝜏∗∙ 𝜃 = 0

∴ 𝜂 (𝜃) = (𝜂∙ (0) + 𝑘𝑓𝜙
∗
∙𝜏∗∙ ) 𝑒
−𝜆𝜏∗
∙
𝜃 − 𝑘𝑓𝜙∗∙𝜏∗∙ .

(34)

At the discontinuities 𝜃 = 0 and 𝜃 = ±1,
𝜂ON (0) − 𝜂OFF (0) = 𝑘𝑓 (𝜆]0 + 𝜇) (35a)

𝜂OFF (−1) − 𝜂ON (1) = −𝑘𝑓 (𝜆]1 + 𝜇) . (35b)

We can use (34) to find expressions for 𝜂(−1) and 𝜂(1) and
substitute these into (35b). After substitution for 𝜂OFF(0) (or𝜂ON(0)) using (35a) and rearrangement we arrive at

𝜂ON (0) 𝑔 (𝜆)
= −𝑘𝑓(𝜙∗ON𝜏∗ON

𝑔 (𝜆) + 𝜆 (]1 − ]0𝑒𝜆𝜏∗OFF)) (36a)

𝜂OFF (0) 𝑔 (𝜆)
= −𝑘𝑓(𝜙OFF𝜏∗OFF

𝑔 (𝜆) + 𝜆 (]1 − ]0𝑒−𝜆𝜏∗ON)) , (36b)

where

𝑔 (𝜆) = 𝑒𝜆𝜏∗OFF − 𝑒−𝜆𝜏∗ON . (36c)

Rewriting our equation for the rate of change of grid fre-
quency near equilibrium (9) as

̇𝑓 (𝑡) = −𝛾𝑓 (𝑡) − 𝑐𝑃𝑐𝜏∗ON ∫1
0
𝜂 (𝜃, 𝑡) d𝜃 (37)

and setting ̇𝑓 = 𝜆𝑓 give

∫1
0
𝜂 (𝜃, 𝑡) d𝜃 = −(𝜆 + 𝛾) 𝑓𝑐𝑃𝑐𝜏∗ON

. (38)

Integrating (34) over [0, 1) in 𝜃 (the switched on TCLs),
setting the resulting expression equal to the right hand side
of (38), and substituting our expression in (36a) for 𝜂ON(0)
establish the following implicit equation for 𝜆:

(𝜆 + 𝛾 − 𝑍𝜙∗ON) 𝑔 (𝜆)
= 𝑍 (]1 − ]0𝑒𝜆𝜏∗OFF) (1 − 𝑒−𝜆𝜏∗ON) , (39)

where we have defined 𝑍 fl 𝑘𝑐𝑃𝑐, which reflects the strength
of the effect of the TCLs on grid frequency.

When𝑍 = 0 (no effect of the TCLs on the grid frequency)
the eigenvalue equation (39) reduces to (𝜆+𝛾)𝑔(𝜆) = 0, so the
eigenvalues are 𝜆 = −𝛾 and 𝜆 = 2𝑛𝜋𝑖/(𝜏∗ON + 𝜏∗OFF) for 𝑛 ∈ Z

(the roots of𝑔(𝜆) = 0). It can also be seen from (39) that for all𝑍 there is an eigenvalue 𝜆 = 0. It corresponds to conservation
of the number of TCLs. This eigenvalue 0 is removed by the
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Figure 1: Numerical solutions for the first five eigenvalues above
the real axis (there is an infinite sequence going further along the
imaginary axis, and they are reflected in the real axis). We use
multiplier ℎ to increase 𝑍, and the real part of each eigenvalue we
have followed decreases from 0 as 𝑍 increases from 0.

normalisation condition (25). The real and imaginary parts
of 𝜆 that solve (39) can be solved for numerically, using, for
example, [54]. Figure 1 shows numerical solutions for the first
five eigenvalues above (or on) the real axis for the parameter
values given in Table 2 in Section 2.3 and allowing 𝑍 to
vary from its value 𝑍0 derived from the table, by 𝑍 = ℎ𝑍0.
There is an infinite sequence of eigenvalues going upwards
and their reflections in the real axis. Increasing 𝑍 from zero
by powers of 10 is seen to decrease the real part of the eigen-
values from zero and therefore the system is stable to small
perturbations.

This is a surprising result because intuitively identical
TCLs are vulnerable to synchronisation which would cause
instabilities on the system, which is the general view in the
literature as discussed previously. The result is not due to
the damping constant 𝛾, because we chose 𝛾 = 0 so as
not to mask the effect of the TCLs. What the analysis does
not tell us is how small any perturbations would have to be
for a population of TCLs to have a stabilising effect on grid
frequency. It might be that a larger perturbation than valid
for linearisation leads to instability. In Section 4 we study the
effects of different sized perturbations using simulations and
indeed find growth of synchronisation. In the next section
we consider the behaviour of a population of TCLs under the
opposite type of perturbation; namely, all TCLs synchronised
into one or two groups.

3.2. Synchronised Groups of TCLs. In the previous section we
studied the stability of a uniformly distributed (continuum)
population of TCLs at the 50Hz equilibrium and found it
to be stable almost everywhere in parameter space. In this
section we consider the opposite extreme of possible TCL
distributions, the Dirac delta distribution. That is to say, we
explore the behaviour of a fully synchronised population of
TCLs, all switching on and off at the same time, all with the
same temperature, and (again) identical parameters. This is

T

t

T+(f(t))

T−(f(t))

t／．
n t／＆＆

n t／．
n+1 t／＆＆

n+1

T(t)

Figure 2: Illustration of the 𝑛th and (𝑛 + 1)th switching events
of the fully synchronised population and the frequency-sensitive
temperature set points 𝑇−(𝑓(𝑡)) and 𝑇+(𝑓(𝑡)).

equivalent to a single TCL with the power consumption of
the whole population.

3.2.1. Mapping the Switch Times. We begin by constructing
a map from one (whole population) switch on event to the
next. We show that under certain conditions such a mapping
is a contraction. Let the subscript 𝑛 denote the 𝑛th switch on
and 𝑛th switch off event. Without loss of generality, suppose
that after our initial start time 𝑡0 the next switch event is the
population switching on. This implies that, for all 𝑛 ∈ N,𝑡OFF
𝑛 > 𝑡ON

𝑛 . Figure 2 illustrates the notation. Hence the
amount of time the population spends switched on following
the 𝑛th switch on event is given by

𝑡OFF
𝑛 − 𝑡ON

𝑛 = 1𝛼 log( 𝑇0+ − 𝛽+𝑓ON
𝑛 − 𝑇ON𝑇0− − 𝛽−𝑓OFF
𝑛 − 𝑇ON

) , (40a)

where𝑓ON
𝑛 , 𝑓OFF

𝑛 are the frequencies at the 𝑛th switch on and
off times.The amount of time spent switched off following the𝑛th switch off is given by

𝑡ON
𝑛+1 − 𝑡OFF

𝑛 = 1𝛼 log(𝑇OFF − 𝑇0− + 𝛽−𝑓OFF
𝑛𝑇OFF − 𝑇0+ + 𝛽+𝑓ON
𝑛+1

) . (40b)

Assuming, as for the numerical analysis in Section 3.1, that
the system has no damping, we set 𝛾 = 0 in (12) for ̇𝑓(𝑡). In
a synchronised population, at time 𝑡 all TCLs are either on
(𝜌(𝑡) = 1) or off (𝜌(𝑡) = 0). Then we can define constants𝑐ON, 𝑐OFF > 0 such that

̇𝑓
= {{{

−𝑐ON fl 𝑐𝑃𝑐 (𝜌∗ − 1) when the population is on

+𝑐OFF fl 𝑐𝑃𝑐𝜌∗ when the population is off .
(41)

Hence the values of 𝑓 at the switch off and on times are given
by the piecewise-linear functions

𝑓OFF
𝑛 = 𝑓ON

𝑛 − 𝑐ON (𝑡OFF
𝑛 − 𝑡ON

𝑛 ) (42a)

𝑓ON
𝑛+1 = 𝑓OFF

𝑛 + 𝑐OFF (𝑡ON
𝑛+1 − 𝑡OFF

𝑛 ) . (42b)
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After substituting for the switching times using (40a) and
(40b) and rearranging, these become

𝑓OFF
𝑛 − 𝑐ON𝛼 log (𝑇0− − 𝛽−𝑓OFF

𝑛 − 𝑇ON)
= 𝑓ON
𝑛 − 𝑐ON𝛼 log (𝑇0+ − 𝛽+𝑓ON

𝑛 − 𝑇ON)
(43a)

𝑓ON
𝑛+1 + 𝑐OFF𝛼 log (𝑇OFF − 𝑇0+ + 𝛽+𝑓ON

𝑛+1)
= 𝑓OFF
𝑛 + 𝑐OFF𝛼 log (𝑇OFF − 𝑇0− + 𝛽−𝑓OFF

𝑛 ) . (43b)

Now since each side of (43a) and (43b) are functions of only
one of the 𝑓∙𝑛 variables, we can explicitly name them as such

𝜙−ON (𝑓OFF
𝑛 ) fl 𝑓OFF

𝑛

− 𝑐ON𝛼 log (𝑇0− − 𝛽−𝑓OFF
𝑛 − 𝑇ON) (44a)

𝜙+ON (𝑓ON
𝑛 ) fl 𝑓ON

𝑛

− 𝑐ON𝛼 log (𝑇0+ − 𝛽+𝑓ON
𝑛 − 𝑇ON) (44b)

𝜙−OFF (𝑓OFF
𝑛 ) fl 𝑓OFF

𝑛

+ 𝑐OFF𝛼 log (𝑇OFF − 𝑇0− + 𝛽−𝑓OFF
𝑛 ) (44c)

𝜙+OFF (𝑓ON
𝑛+1) fl 𝑓ON

𝑛+1

+ 𝑐OFF𝛼 log (𝑇OFF − 𝑇0+ + 𝛽+𝑓ON
𝑛+1) . (44d)

Each of the four 𝜙 functions is increasing and therefore
invertible, and so we can write

𝑓OFF
𝑛 = 𝜙−−1ON𝜙+ON (𝑓ON

𝑛 ) (45a)

𝑓ON
𝑛+1 = 𝜙+−1OFF𝜙−OFF (𝑓OFF

𝑛 ) (45b)

and therefore

𝑓ON
𝑛+1 = 𝜙+−1OFF𝜙−OFF𝜙−−1ON𝜙+ON (𝑓ON

𝑛 ) , (45c)

which is amapping from the frequency at one switch on event
to the frequency at the next. The mapping is a contraction iff(𝜙+

−1

OFF𝜙−OFF𝜙−−1ON𝜙+ON) < 1 (46)

iff

(𝜙−OFF)(𝜙+OFF)

(𝜙+ON)(𝜙−ON)
 < 1

(evaluated at the appropriate places) .
(47)

Note that

(𝜙−OFF)(𝜙+OFF) =
1 + 𝛽−𝑐OFF/ [𝛼 (𝑇OFF − 𝑇+𝑛 )]1 + 𝛽+𝑐OFF/ [𝛼 (𝑇OFF − 𝑇+𝑛+1)] < 1

iff
𝛽+𝛽− >

𝑇OFF − 𝑇+𝑛+1𝑇OFF − 𝑇−𝑛 .
(48)

Similarly

(𝜙+ON)(𝜙−ON) =
1 + 𝛽+𝑐ON/ [𝛼 (𝑇+𝑛 − 𝑇ON)]1 + 𝛽−𝑐ON/ [𝛼 (𝑇−𝑛 − 𝑇ON)] < 1

iff
𝛽+𝛽− <

𝑇+𝑛 − 𝑇ON𝑇−𝑛 − 𝑇ON
.
(49)

Therefore a sufficient condition for the mapping to be a
contraction is that

𝛽+𝛽− ∈ (
𝑇OFF − 𝑇+𝑛+1𝑇OFF − 𝑇−𝑛 ,

𝑇+𝑛 − 𝑇ON𝑇−𝑛 − 𝑇ON
) (50)

which is a nonempty interval (containing {1}), so long as𝑇ON < 𝑇−𝑛 < 𝑇+𝑛 < 𝑇OFF and 𝑇−𝑛 < 𝑇+𝑛+1 for all 𝑛. It is
worth recalling our earlier condition on the values of 𝛽± (7)
which also imposed that 𝛽+/𝛽− belong to an open interval
containing {1}.
3.2.2. Solving for the Periodic Solution. The contraction prop-
erty of the mapping 𝑓ON

𝑛 → 𝑓ON
𝑛+1 (45c) under the above

conditions implies that there is an attracting fixed point so
long as 𝑇ON < 𝑇−𝑛 < 𝑇+𝑛 < 𝑇OFF, and hence a periodic
solution for the synchronised population. We now seek to
solve for this periodic solution. Denote by 𝑙ON and 𝑙OFF the
amount of time spent on and off during one (periodic) cycle,
respectively. Since power consumption for the population
is constant during each on/off phase, the frequency moves
linearly between upper and lower values which we denote by𝑓+ and 𝑓−. Therefore the temperature of the population will
cycle between upper and lower set points, given by 𝑇0+ −𝛽+𝑓+
and 𝑇0− − 𝛽−𝑓−, respectively. Equations (42a) and (42b) show
us that

𝑓− = 𝑓+ − 𝑐ON𝑙ON (51a)

𝑓+ = 𝑓− + 𝑐OFF𝑙OFF. (51b)

The temperature evolution equations (3a) and (3b) allow us to
express the switch on and switch off temperatures as follows:

𝑇0+ − 𝛽+𝑓+ = (𝑇0− − 𝛽−𝑓− − 𝑇OFF) 𝑒−𝛼𝑙OFF + 𝑇OFF (52a)

𝑇0− − 𝛽−𝑓− = (𝑇0+ − 𝛽+𝑓+ − 𝑇ON) 𝑒−𝛼𝑙ON + 𝑇ON (52b)

which after substituting for 𝑓− using (51a) and rearranging
become

𝑓+ (𝛽−𝑒−𝛼𝑙OFF − 𝛽+)
= (𝑇0− − 𝑇OFF + 𝛽−𝑐ON𝑙ON) 𝑒−𝛼𝑙OFF + 𝑇OFF − 𝑇0+,

(53a)

𝑓+ (𝛽+𝑒−𝛼𝑙ON − 𝛽−)
= (𝑇0+ − 𝑇ON) 𝑒−𝛼𝑙ON + 𝑇ON − 𝑇0− − 𝛽−𝑐ON𝑙ON.

(53b)
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Figure 3: One cycle of the single group solution for different values
of 𝜌∗ when 𝜌0 ≈ 0.3355. They include values that lead to unrealistic
results for real fridges but are there to illustrate the effect.

Now we have two equations in terms of 𝑓+, 𝑙ON and 𝑙OFF,
which we can combine into one equation and eliminate 𝑓+,

(𝛽+𝑒−𝛼𝑙ON − 𝛽−)
⋅ [(𝑇0− − 𝑇OFF + 𝛽−𝑐ON𝑙ON) 𝑒−𝛼𝑙OFF + 𝑇OFF − 𝑇0+]
= (𝛽−𝑒−𝛼𝑙OFF − 𝛽+)
⋅ [(𝑇0+ − 𝑇ON) 𝑒−𝛼𝑙ON + 𝑇ON − 𝑇0− − 𝛽−𝑐ON𝑙ON] .

(54)

We can also express 𝑙OFF in terms of 𝑙ON by summing (51a)
and (51b) to give

𝑐ON𝑙ON = 𝑐OFF𝑙OFF or, equivalently,
(1 − 𝜌∗) 𝑙ON − 𝜌∗𝑙OFF = 0 (55)

and so (53b) and (55) form a pair of coupled equations for 𝑙ON
and 𝑙OFF, which can be solved numerically. Figure 3 shows
one temperature cycle for the single group under different
choices for 𝜌∗. Denote by 𝜌0 the value of 𝜌 when 𝑓 = 0. As𝜌∗ gets further away from 𝜌0 the solutions drift further from
the uncoupled temperature range (2–7∘C). The cycle lengths
are symmetric about 𝜌∗ = 1/2 but the TCLs consume more
power per cycle as 𝜌∗ increases.

To begin some analysis of the stability of this fully
synchronised solution we address the question: given a pop-
ulation split into two synchronised groups, will the groups
merge into one fully synchronised population, or will they
remain distinct forever?

3.2.3. Two-Group Dynamics. Suppose we have a population
of frequency-sensitive TCLs that are split into two synchro-
nised groups. We would like to understand the dynamics of
the switch times, and we ask whether, given sufficient time,
the groups will merge, or whether they will remain distinct,
possibly settling down to separated periodic solutions. In
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TΓ

l／． L = l／． + l／＆＆

t

TA

TB

TB(0)

TA(0)
ΔT

Δ t

Δ
T

Δ
t

t1 t2 t3 t4 t5

t

(a)

(b)

1 2 3 4 5

Figure 4: Linearisation about the single group solution. (a) Single
group solution 𝑇Γ(𝑡). (b) Temperature cycling of groups A and B
close to the single group solution.

particular, we consider the initial difference between the
switch on times Δ 𝑡 to be very small and the switch on
temperatures very close to the single group periodic solution
from the previous subsection.

Let Γ denote the single group periodic solution, which
cycles periodically through temperature space with temper-
ature 𝑇Γ(𝑡). As before, we denote the switched on duration
in this solution by 𝑙ON and the switched off duration by 𝑙OFF.
Suppose that the population is split into two groups A and B,
such that proportion 𝜎 belongs to group A, and proportion1 − 𝜎 belongs to group B. Suppose also that group B switches
on at time 𝑡 = 0, followed soon after by group A switching on,
at time 𝑡1 > 0.Then after a time period of length similar to 𝑙ON
group B switches off, which is again followed shortly after by
groupA switching off. After a time period similar to 𝑙OFF each
of the groups then switches back on. We shall assume that
the switching order does not change, since if they do swap,
we need only repeat this process with 𝜎 replaced by 1 − 𝜎.
Simulations show that the switching order will not continue
to change indefinitely.

We would like to compare the temperature cycles of these
two groupswith the single group periodic solution Γ.Without
loss of generality suppose that group B initially switches on at
the same time as a fully synchronised population solution.We
compare the cycling of the groupsA andBusing the following
measures, along with all those shown in Figure 4. Let Δ𝑇 fl𝑇B(0) − 𝑇A(0) and Δ𝑇 fl 𝑇B(𝑡4) − 𝑇A(𝑡4), the temperature
difference when B switches on the first and second times,
respectively. In addition, let Δ 𝑡 fl 𝑡1 − 0 = 𝑡1 = 𝜖1 and
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Figure 5: Solutions for 𝜆 (see (61)) (solid lines) for different values of 𝜌∗. Dashed lines show reflection in 𝜎 = 1/2 to show the effect of
reversing the switching order of the groups. Blue: 𝜌∗ = 0.1, yellow: 𝜌∗ = 0.2, green: 𝜌∗ = 0.3, and red: 𝜌∗ = 0.4. Black line shows the
boundary of stability (stable below, unstable above).The results are identical when 𝜌∗ is replaced by 1−𝜌∗. (b) shows an enlargement centred
at 𝜎 = 1/2, showing that either switching order of the groups leads to 𝜆2 > 1 on a small interval of 𝜎. In this case the groups never merge and
in all other cases they will.

Δ𝑡 fl 𝑡5 − 𝑡4, the time difference between the two groups
switching on the first and second times, respectively. Further
notation is shown in Figure 4.

In order to calculate Δ𝑇 and Δ𝑡 we need to calculate
the switch times and temperatures of the two groups at each
switch event leading up to 𝑡5. Solving for the switch times
and temperatures when there are two groups is a little more
complicated than for the fully synchronised case. It requires
solving the temperature set point equations using the system
conditions at the previous switch and the equation for ̇𝑓
which now takes one of four values depending on which
combination of groups is switched on (both, neither, A only,
or B only). We begin by making the simplifying assumption𝛽− = 𝛽+ fl 𝛽. Now since group A is switching on at time 𝑡1
and group B switched off at time 0,

𝑇A (𝑡1) = 𝑇0+ − 𝛽𝑓 (𝑡1)
𝑓 (𝑡1) = 𝑓 (0) − 𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) 𝑡1
𝑓 (0) = 1𝛽 (𝑡0+ − 𝑇B (0))

∴ 𝑇A (𝑡1) = 𝑇B (0) + 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) 𝑡1.

(56a)

In addition, by the temperature evolution equations,

𝑇A (𝑡1) = (𝑇A (0) − 𝑇OFF) 𝑒−𝛼𝑡1 + 𝑇OFF. (56b)

Equating (56a) and (56b) and introducing our new notation
give

𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) Δ 𝑡 + Δ𝑇
= (𝑇A (0) − 𝑇OFF) (𝑒−𝛼Δ 𝑡 − 1) . (57)

If we write 𝑇A(0) = 𝑇Γ(0) + 𝛿𝑇A(0) and take 𝛿𝑇A(0) and Δ 𝑡
small, then

Δ𝑇 = (𝑇Γ (0) + 𝛿𝑇A (0) − 𝑇OFF) (𝑒−𝛼Δ 𝑡 − 1)
− 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) Δ 𝑡 (58)

and linearising in Δ 𝑡 gives
Δ𝑇 ≈ 𝜉Δ 𝑡, (59)

where

𝜉 fl 𝛼 (𝑇OFF − 𝑇Γ (0)) − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) . (60)

More generally, at each switch event we have the temperature
evolution equations that describe the temperature of each
group as a function of their temperature at the previous
switch (such as (56b)) and an additional equation for the
temperature of the switching group, using the temperature set
point equations (such as (56a)). WritingΔ𝑇 = 𝑇B(𝑡4)−𝑇A(𝑡4)
and linearising about the single group solution, we find in
Appendix B that Δ𝑇 = 𝜆Δ𝑇 where

𝜆 fl (1 − 𝛼 (𝑇OFF − 𝑇ON)𝛼 (𝑇OFF − 𝑇Γ (0)) − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗))
⋅ (1 − 𝛼 (𝑇OFF − 𝑇ON)𝛼 (𝑇Γ (𝑙ON) − 𝑇ON) + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗))
⋅ 𝑒−𝛼𝐿.

(61)

So [−1, +1] is a left eigenvector of the linearised map in the
space of ( 𝛿𝑇A𝛿𝑇B ) with eigenvalue 𝜆. We can plot 𝜆 against 𝜎
for various 𝜌∗ to see whether |𝜆| < 1 (in which case the two
groupsmerge into one) or whether |𝜆| > 1 (theymove apart).
The results are shown in Figure 5. We find that the second
eigenvalue is within the interval (−1, +1) for any 𝜎 and 𝜌∗ for
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Figure 6: Bifurcation diagram for the stability of the single group
solution to splitting in two. Stable if the parameters lie in the yellow
or blue regions (the groups will ultimately merge); unstable in the
green parameter region (the groups will never merge). Boundary
lines are solutions to (61) as a function of 𝜎 (or 1 − 𝜎 to capture
switching order reversal) and 𝜌∗.

our parameter values (taken from Table 2 with the exception
of 𝛽 = 0.1 which has been reduced to limit the rate of change
of the frequency and ensure model validity), see Appendix C
for details, and therefore the stability is governed by 𝜆.

By solving for the dividing case 𝜆 = 1 we can create
a bifurcation diagram in terms of the parameters 𝜎 and𝜌∗ to show where the single group solution is attracting
and repelling. Figure 6 sketches the solution, along with
the solution for the case when the switching order of the
groups is reversed, found by replacing 𝜎 with 1 − 𝜎. If in
either case (group A switching first or group B switching
first) the solution is attracting, then the two groups will
merge together into the one group solution. However, if both
cases have unstable dynamics then the solutions will never
merge. Simulations show that in this parameter region the
two groups will settle down to a fixed phase distance apart. If
the solution is attracting for one switching order and repelling
for the other, we find that the typical behaviour is for a
small separation in the unstable direction to grow until the
phase difference becomes almost a whole cycle, when they
merge. Figure 7 illustrates how the cycles of the two groups
can change over time relative to one another, depending on
which of the three regions in the bifurcation diagram their
parameters belong to.

What these results show is that when a population is split
into two groups, if they are sufficiently similar in size then
they will remain apart, effectively trying to counteract one
another and balance the frequency fluctuations. Conversely,
if one of the groups is significantly larger (“significantly” here
depends on the size of 𝜌∗, and may be very small if 𝜌∗ ≈0.5) than the other then it will have too strong an effect on

the frequency and “pull” on the smaller group’s cycle. The
closer the proportion switched on in equilibrium is to the
proportion switched off (i.e., the closer it is to 0.5), the more
similar the groups have to be in size to remain distinct.

With more than two groups of TCLs the modelling
becomes far more complicated, since there are now far more
possibilities to be considered for the switching order of the
groups. Simulations have shown that for three groups it is
possible for all three cycles to settle down to a fixed, separated
pattern. This occurs if the groups are very similar in size, just
as in the two-group case. Once one group is too large (or
too small), the groups collapse into two, before synchronising
completely. Taking the number of groups to infinity is equiva-
lent to modelling a continuum of TCLs as in Section 3.1. Tak-
ing all groups of equal size and uniformly distributed in phase𝜃 is equivalent to the continuum population equilibrium
studied earlier. From above we found analytically that small
perturbations to the population distribution should relax
back to the uniform distribution, that is, that the equilibrium
was stable. Now we find that if the population is discretised
into 2 (and hypothetically𝑁) groups then so long as they are
of close to equal sizes, they will attempt to settle the frequency
back to its nominal value by “spreading out” their cycles.

In reality we will never have a continuum of TCLs, and
they may exhibit nonlinear dynamics not captured by our
analysis.Thismotivates our use of simulations to gain further
insights into how a large population of TCLs would behave
according to our switching rules and how the grid frequency
would be affected.

4. Simulations

4.1. Perturbations of a Uniform Distribution of TCLs. In
Section 3.1 we analysed the stability of a large population
of TCLs uniformly distributed in each part of the on/off
cycle. In this section we simulate a large population of fridges
with initial conditions close to the equilibrium distribution
(the uniform distribution) and compare the results with our
analytical work.

The model is the same as presented in Section 2, and
unless stated otherwise, the parameter values are as inTable 2.
In Section 3.1 we modelled our population as a continuum.
For our simulations we split the fridge population into 104
“agents” (groups of fridges) that are each represented by a
temperature and state, and who operate according to the
switching rules and temperature progression equations in
Section 2.1. These 104 agents are representative of the million
fridges we assume are participating in our DSR scheme (i.e.,
operating in frequency-sensitive mode), since one million
(or more) individuals would require very large amounts
of computing time and memory. The power consumption
of each agent is taken to be the total possible population
consumption 𝑃𝑐 divided by the number of agents, 104. Each
time step is taken to be 1 s, and at each time step each agent
updates its temperature and based on the frequency at the
previous time step may switch on or off. The exact switch
time is approximated using linear interpolation between the
current and previous time step, and the new temperature is
adjusted accordingly.
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Group A temperature cycling
Group B temperature cycling

(a) (, ∗) < 1, blue parameter region in Figure 6

(b) (1 − , ∗) < 1, yellow parameter region in Figure 6

(c) (, ∗) > 1, (1 − , ∗) > 1, green parameter region in Figure 6

Figure 7: Illustration of the three types of cycling behaviour of two groups relative to one another, based on simulations. Arrows indicate
the occurrence of many cycles and the central illustrations are snapshots of the cycling behaviour between the start and the final behaviour.
Synchronisation occurs in cases (a) and (b), while in case (c) each group tends towards a fixed phase difference apart.

Table 3: Parameter values for plots in Figures 8, 9, and 10.

Plot number 𝜌on(0) Δ𝑢
a(i) 𝜌∗ 0
a(ii) 𝜌∗ 0.1
a(iii) 𝜌∗ 0.25
a(iv) 𝜌∗ 0.5
b(i) 1.5𝜌∗ 0
b(ii) 1.5𝜌∗ 0.1
b(iii) 1.5𝜌∗ 0.25
b(iv) 1.5𝜌∗ 0.5

To perturb the TCL distribution 𝑢(𝜃) we can alter the
number of TCLs switched on or off from the equilibrium
proportions 𝜌∗ and (1 −𝜌∗), respectively, and we can perturb
the uniform distributions within each on/off half of the𝜃 interval. We choose to perturb the distributions by the
addition of a sine wave to 𝑢∗, and we refer to the normalised
wave peak amplitudeΔ𝑢 (normalised by dividing by 𝑢∗).This
normalisation means that when we plot 𝑢(𝜃, 0)/𝑢∗, the zero
perturbation case is 1 for all 𝜃 both on and off and the results
are more clear. Table 3 shows eight combinations of choices
for these perturbation parameters. All other parameters are
as stated in Table 2.

Figure 8 shows the effects of these perturbations on the
initial conditions in each case, plotting 𝑢(𝜃, 0)/𝑢∗ against𝜃. Figure 9 shows the final fridge distributions after ten
days. The unperturbed case a(i) has remained uniform,
while the peaks of the perturbation cases have all grown
by varying amounts. In cases a(ii)–a(iv) (no perturbation to
the proportion switched on) the final distributions exhibit
increasing levels of synchronisation, but the clustering is
far less than in cases b(i)–b(iv) which see the population
synchronised into seven or fewer groups. The effects of this
synchronisation on the electricity grid frequency can be seen
in Figure 10.

Interestingly, in each case with perturbations, the fre-
quency oscillations initially die down to close to 50Hz. This
means that to begin with the fridges are controlling the
frequency oscillations caused by their initial condition per-
turbations. This aligns with our analysis from Section 3.1, in
which we found that the uniform distribution of a continuum
population is stable to small perturbations.What that analysis
was unable to capture was the long-term effects of frequency
sensitivity. In each case the frequency oscillations grow after
less than a day, becoming very large in several cases. Before
the large spikes in b(iii) we see that the frequency oscillations
shrink down. This shows the inherently volatile nature of
the system and potentially explains why the oscillations in
b(iv) are ultimately less severe. It could be that these lower
oscillations will shortly become much larger. In either case,
the size of most of the final oscillations would be too large for
the system to cope without frequency response from other
providers.

These simulations reveal thatwhile a homogeneous popu-
lation of TCLs will act to dampen system perturbations, their
behaviour to support the electricity grid will, given sufficient
time, lead to further oscillations.The larger the perturbations
are, the sooner these detrimental effects will occur.

4.2. Simulating TCLs on the GB Electricity Grid. Our model
and simulations have thus far reduced the complexity of the
problem by assuming that, apart from the TCL population
and the grid frequency, all other network conditions remain
constant. This was necessary for our model to be tractable
and to ensure that any results from the simulations were
attributable to the frequency-sensitive TCL population. An
important next step is to consider the TCL population in
the context of a real system. In collaboration with the GB
System Operator National Grid, we are able to model the
GB system with real data from 36 separate 10-day periods
during 2015-2016 and simulate what would have happened
if a frequency-sensitive fridge population had been active.
We consider how the distribution of TCLs changes over this



14 Complexity

(i)

(ii)

(iii)

(iv)

Sc
al

ed
 T

CL
 d

ist
rib

ut
io

n
u
/u

∗

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0 0.5 1−0.5−1



0 0.5 1−0.5−1

0 0.5 1−0.5−1

0 0.5 1−0.5−1

(ii)

(i)

(iii)

(iv)

Sc
al

ed
 T

CL
 d

ist
rib

ut
io

n
u
/u

∗

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0 0.5 1−0.5−1



0 0.5 1−0.5−1

0 0.5 1−0.5−1

0 0.5 1−0.5−1

(a) (b)

Figure 8: Initial fridge distributions in 𝜃-space, with labels matching those in Table 3. Pink indicates switched off fridges, and blue indicates
switched on. Distributions scaled by 1/𝑢∗ and histograms formed of 100 bins. (a) has no perturbation to the proportion of fridges switched
on, and (b) has increasing perturbation (going downwards) to the number of fridges switched on. All involve sinusoidal distribution
perturbations.
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Figure 10: Electricity grid frequency over 10 days (values plotted once per 5 minutes), with fridge distributions as described in Table 3 and
Figures 8 and 9. The perturbed systems (all but a(i)) see an initial reduction in oscillation amplitude followed by oscillation growth.
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Figure 11: Simulation methodology diagram. Rhombi indicate input or calculated data/simulated data, and rectangles indicate meth-
ods/calculations. Events occur from top to bottom with the exception of the dashed arrows which form the iterative loop.

period, and the reduction in the amount of response that
other providers needed to supply because of the contribution
from the fridges.

4.2.1. Methods. We simulate a population of TCLs (specifi-
cally fridges) that respond to the grid frequency according
to the rules in Section 2.1. We use various historic data
from National Grid to model real system conditions and
simulate the effects of a frequency-sensitive fridge population
acting on the GB system. By considering the population in
the context of real data including response provision from
other sources such as power generators, we are able to get
a better understanding of the potential impact of the fridges
compared to, say, modelling them in isolation responding to
a one-off frequency event.

Figure 11 gives an overview of the simulation process.
Rhombi indicate inputs and outputs; rectangles indicate
methods used in the simulation. Methods are applied work-
ing downwards, except for the dashed arrows which create an
iterative loop.

4.2.2. Inputs. As shown in Figure 11, there are four types
of data input, in addition to the fridge population initial

conditions.We use 36 consecutive ten-day data samples from
the period July 2015–June 2016.

Kinetic energy data is an estimate for the total kinetic
energy in MVAs (megavolt-ampere seconds) [55]. Values
are calculated by summing the kinetic energy of all run-
ning synchronised generators (a generator-specific constant
provided to the System Operator by each power generator)
with an estimate of kinetic energy from demand. The kinetic
energy data provided (confidentially from National Grid)
is per settlement period (settlement periods split the day
into 48 half hour units starting on the hour and half hour)
and repeats each value for the full 30 minutes (rather than
interpolating). Typical kinetic energy values are in the range
20000–40000MVAs.

Demand data consists of per-second metered demand
from National Grid. This is a sum of the power leaving the
electricity transmission system, including any power exports
through the interconnectors. Half-hourly demand data is
accessible via National Grid’s “Data Explorer” [56].

Historic frequency data consists of per-second system
frequency data in hertz. Frequency measurements are taken
in multiple locations to ensure reliable data availability in the
event of any metering faults. The frequency data provided by
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Table 4: Illustrative historic response holding data behind Figure 12.

Primary Secondary High
Frequency trigger (Hz) 49.2 49.5 49.8 49.5 49.8 50.2 50.5
Response (MW) 850 800 430 950 500 −350 −680

National Grid has undergone a cleaning process that takes
advantage of the multiple readings. It is available via National
Grid’s “Enhanced Frequency Response” [57].

Response holdings are the amount of frequency response
delivery in MW (as a function of grid frequency) that
National Grid expects each second. Response holdings are
positive (or negative) for “low (high) frequency response
delivery” when the frequency is below (above) 50Hz, respec-
tively. For each time step (1 second), 9 different values for
response holding are listed. These take the form of primary,
secondary, and high response.

Primary response values are given for trigger points at
49.9Hz, 49.5Hz, and 49.2Hz. This means that at these fre-
quencies the power response provided through various types
of primary response service are the historic response holding
values given, subject to a 1 second reaction delay. We assume
that the response increases linearly from 0 between 49.985Hz
and 49.8Hz and likewise linearly between all other frequency
trigger values. Below 49.2Hz the response is assumed to be
the constant 49.2Hz response value. The starting frequency
trigger value of 49.985Hz is used to take into account theGrid
Code deadband of (50 ± 0.015) Hz, within which response
is not required. Secondary response values are given for
frequency trigger points 49.8Hz and 49.5Hz, and response
is modelled in the same was as for primary response, only
with an 11 s response delay. High response values have trigger
points 50.2Hz and 50.5Hz. Just as for primary response,
the time lag is 1 s and again, response is modelled as linear
interpolation through these points, starting at the edge of
the deadband at 50.015Hz and remaining constant beyond
50.5Hz. Figure 12 illustrates an example of how response
holding data (Table 4) are interpreted in the model. Values
given are indicative only of possible values.

Fridge conditions are the initial on/off state and initial
temperature of each fridge in the population. For the simu-
lations presented here we take the zero perturbation case a(i)
in Table 3 from the previous section.

4.2.3. Calculating the Demand at 50Hz. Deviations in grid
frequency away from 50Hz affect the total system demand.
We make the assumption that demand increases linearly
by approximately 2.5% of its value at 50Hz for every 1Hz
increase in frequency above 50Hz (and decreases by the
same amount as frequency decreases below 50Hz). In order
to know the demand at the nominal frequency, “demand at
50Hz,” Dem𝜔0(𝑡), we need to calculate it from the (mea-
sured) demand data input,𝐷(𝑡).

𝐷 (𝑡) = Dem𝜔0 (𝑡) [1 + 0.025 (𝑓 (𝑡) − 50)] (62)

Dem𝜔0 (𝑡) = 𝐷 (𝑡)1 + 0.025 (𝑓 (𝑡) − 50) . (63)
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Figure 12: Representative historic response data with interpolation
method for primary response (solid line below 50Hz), secondary
response (dashed line), and high response (solid line above 50Hz).
Zero response in the deadband (50 ± 0.015)Hz.

4.2.4. Calculating the Underlying Imbalance. In order to
calculate the effects of the fridge population on the system
frequency, we first need to calculate the underlying supply-
demand imbalance (in MW) that caused the original system
frequency deviations away from 50Hz. At this point it is
necessary to distinguish between two important, similar-
sounding terms:underlying imbalance and total imbalance. By
underlying imbalance, Imbunder(𝑡), we mean the generation-
demand imbalance that occurs independently of the system
frequency. This may be due to, for example, fluctuations in
wind or solar power generation or discrepancies between
the total predicted system demand and the actual real-time
demand. In contrast, total imbalance, Imbtot(𝑓, 𝑡), includes
both the underlying imbalance and, additionally, what we
shall refer to as dynamic imbalance.

There are two sources of dynamic imbalance: generator
response (frequency response provided by power generators
as the frequency changes) and demand response (the auto-
matic change in demand as frequency changes). Note that
in this context “demand response” is completely different to
demand-side response services, which, given their current
low penetration of the response market, we exclude from
our simulations. Generator response, Genresp, consists of
the actual response delivered by generators, calculated as
described above from the response holdings and the historic
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system frequency. Generator response is assumed to have a
small time lag 𝛿𝑡, which we take to be 1 second. In contrast,
demand response, Demresp, is assumed to occur instanta-
neously and is defined as the measured system demand 𝐷(𝑡)
minus the demand at 50Hz,𝐷𝜔0(𝑡) (see “calculating demand
at 50Hz”). Therefore by (62)

Demresp (𝑓 (𝑡) , 𝑡) = 0.025𝐷𝜔0 (𝑡) (𝑓 (𝑡) − 50) . (64)

Both sources of dynamic imbalance will change when we
introduce the population of responsive fridges (because of
their impact on the frequency) and will therefore need to be
recalculated.

We use a linear approximation for the rate of change of
frequency [51], which in our notation is given by

d𝑓
d𝑡 = 50 Imbtot (𝑡)2𝐸𝑘 (𝑡) , (65)

where 50 is the nominal frequency 50Hz and 𝐸𝑘 = 𝐹0𝑀/2 is
total stored kinetic energy in MVAs. Since

Imbtot (𝑡) = Imbunder (𝑡) + Genresp (𝑓 (𝑡 − 𝛿𝑡) , 𝑡)
− Demresp (𝑓 (𝑡) , 𝑡) (66)

we are able to find

Imbunder (𝑡) = 𝐸𝑘 (𝑡)25 d𝑓
d𝑡 − Genresp (𝑓 (𝑡 − 𝛿𝑡) , 𝑡)

+ Demresp (𝑓 (𝑡) , 𝑡)
(67)

which for simulation time step size Δ𝑡 gives
Imbunder (𝑡) = 𝐸𝑘 (𝑡) [𝑓 (𝑡) − 𝑓 (𝑡 − Δ𝑡)]25Δ𝑡

− Genresp (𝑓 (𝑡 − 𝛿𝑡) , 𝑡)
+ Demresp (𝑓 (𝑡) , 𝑡) .

(68)

We take Δ𝑡 = 1 s, so Δ𝑡 = 𝛿𝑡, the generator response time
lag. Generator response is calculated using historic response
holdings and the frequency 𝑡−𝛿𝑡 seconds ago alongwith some
constraints on the generator ramp rates.

4.2.5. Iterative Loop. Once the underlying imbalance has
been calculated for all time steps it can be used along with
the response holdings and fridge conditions to begin a loop
formed of three calculation steps that iterates over all time
steps (see the “iterative loop” in Figure 11). The steps are as
follows:

(1) Calculate the frequency response delivery from the
fridge population and from the dynamic response
providers based on the previous frequency value (the
first iteration takes the first historic frequency value,
after which the “new frequency” values are used).
For the fridge population this requires summing
the switched on fridges multiplied by their individ-
ual power consumption and subtracting the power
consumption of the population if the fridges were
not frequency-sensitive. Response from the dynamic
response providers is described above.

(2) Calculate the new frequency𝑓∗(𝑡) using the equations
from “calculating the underlying imbalance” and
beginning with the approximation

𝑓∗ (𝑡) = 𝑓∗ (𝑡 − Δ𝑡) + Δ𝑡d𝑓∗
d𝑡 (𝑡)

= 𝑓∗ (𝑡 − Δ𝑡) + Δ𝑡25 Imb∗tot (𝑡)𝐸𝑘 (𝑡)
(69)

and since

Imb∗tot (𝑡) = Imbunder (𝑡) + Genresp (𝑓∗ (𝑡 − 𝛿𝑡) , 𝑡)
− 0.025Dem𝜔0 (𝑓∗ (𝑡) − 50) (70)

we get

𝑓∗ (𝑡) = 𝑓∗ (𝑡 − Δ𝑡) + (25Δ𝑡/𝐸𝑘 (𝑡)) (Imbunder (𝑡) + Genresp (𝑓∗ (𝑡 − 𝛿𝑡) , 𝑡) + 1.25Dem𝜔0)1 + 0.625 (𝛿𝑡/𝐸𝑘 (𝑡))Dem𝜔0 . (71)

Note that we let 𝑓∗(0) = 𝑓(0), the original frequency
value at time 0.

(3) Calculate the new fridge conditions by updating their
temperature set points with the new frequency 𝑓∗
calculated in step 2, according to (2a) and (2b).
Each fridge temperature is evolved one time step
according to (3a) or (3b). If a switch on or off should
have occurred during the time step then the exact
time of switch is estimated and the temperature is
recalculated from the switch time to the end of the
time step using linear interpolation.

4.2.6. Outputs. There are two key outputs for our analysis:
firstly, the temperatures and states of each fridge over time
and secondly, the frequency response supplied by all other
providers on the grid. Since response can be positive or neg-
ative depending on the frequency, but both incur payment,
we take the absolute value of the response at each time step.
We take the cumulative sum of the difference between this
response in the presence of TCLs and the original system
response and call it “cumulative response savings,” which
we measure in MWh. This allows us to find out how much
benefit (or detriment) the fridges provided the system and
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(a) 𝑃𝑐 = 70MW
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(b) 𝑃𝑐 = 700MW

Figure 13: Cumulative response savings (MWh), the difference between other providers’ response with and without the frequency-sensitive
fridge population (cumulatively) for the 36 data samples over one year for two different participation levels. We sum high frequency response
and the absolute value of low frequency response, in MWh. Negative results indicate that the other providers had to compensate for
detrimental fridge behaviour. In both cases the population is homogeneous.

how that changes over time as they respond to frequency
perturbations.

4.2.7. Results. We begin by comparing the results of two
populations of fridges, one with total power consumption
(if every fridge were switched on), 𝑃𝑐 = 70MW, as in
previous simulations, and the other with 𝑃𝑐 = 700MW. The
second case is the extremewith 10million frequency-sensitive
fridges, similar to Trovato et al. who modelled 11 million
fridges in [33]. Rather than modelling all 1 million or 10
million fridges, we split the population into 104 groups, where
the fridges within one group have the same temperature and
state. We begin both simulations with the groups uniformly
distributed in phase (the unperturbed case) just as in figures
a(i) of the previous simulation section. We repeat these
simulations on 36 10-day data samples from July 2015–June
2016.

Figure 13 shows cumulative response savings over time
(introduced above) for the 36 data sample simulations in
each case. For both values of 𝑃𝑐, in at least a third of the
simulations, the fridge population ended up doing more
harm than good (negative savings) due to synchronisation.
Increasing participation tenfold increased the best results by
about a factor of 7 but worsened the worst results by a factor
of 15. When there were fewer participants (𝑃𝑐 = 70MW),
the results were more erratic over time, which we attribute to
there being less response on the system, and so a less smooth
frequency trace to respond to. In light of these findings, we
present the results from another set of 36 simulations over
the year for 𝑃𝑐 = 700MW, with the addition of a very small
amount of diversity (less than 0.25% in relative terms) to the
parameters.

We find that very small amounts of parameter diversifi-
cation can eradicate the detrimental fridge behaviour in our
simulations. A full presentation of all of our simulations can
be found in Webborn Ph.D. thesis, to appear. As an example
we take 𝑃𝑐 = 700 and the other parameters to have the same
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Figure 14: Cumulative response savings (MWh) (see Figure 13)
for a heterogeneous fridge population with 𝑃𝑐 = 700MW. The
introduction of a very small amount of diversity has eradicated
the detrimental behaviour in all cases and the fridge population
provides a clear benefit to the system.

mean as in all of our previous simulations but draw them
from normal distributions with nonzero standard deviation.
We choose 𝑇ON ∼ N(−26, 0.020), 𝑇OFF ∼ N(20, 0.0133),𝑇0− ∼ N(2, 0.005), (𝑇0+ − 𝑇0−) ∼ N(5, 0.003), and 𝛼 ∼
N(18.08 × 105, 0.030 × 105). This results in 𝑇0+ ∼ N(7, 0.005),
the duty cycle approximately ∼N(33.55%, 0.027%), and the
cycle period in minutes ∼N(41.144, 0.108). The results from
these simulations are shown in Figure 14. We see that even
with this very small amount of parameter diversity, all the
simulations show a net and growing benefit to the system
over the ten days. Since diversity naturally occurs in any
real population, this offers reasonable evidence that TCLs
could be a valuable resource for the grid, without the need
for stochastic switching or regular communications from a
central controller.
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5. Discussion and Conclusions

The combination of our mathematical analysis and simula-
tions has improved our understanding of how a population
of frequency-sensitive TCLs might act on the electricity grid,
in a number of ways. Our analysis in Section 3.1 was able to
capture the short-term benefits of using identical TCLs for
frequency response. However, the simulations of the model
were important in showing that, in response to realistic
forcing, in the long term, nonlinear dynamics occur that
could not be captured with our linearisation. Studying the
two-group case indicated that the fully synchronised periodic
solution is unstable to splitting it into two synchronised
groups of similar size. A continuum of TCLs, as analysed in
Section 3.1, is the limit as 𝑁 goes to infinity of 𝑁 equally
sized groups of TCLs. Therefore the stability found for the
uniformly distributed continuum of TCLs can be compared
to the case with two groups of similar size remaining separate.
If the distribution of TCLs is perturbed too far from uniform,
as in the simulations in Section 4, then this is similar to
the two-group case in which the groups are not similarly
sized.

Simulating a population of identical frequency-sensitive
TCLs under typical system conditions revealed that for
many of the data samples the short-term benefits were
outweighed by switching behaviour that requires greater
frequency response from the rest of the system than when
the TCLs were not frequency-sensitive. In these cases regular
communications would need to be sent to the TCLs to
desynchronise. However, we find that the addition of a very
small amount of parameter diversity, for example, 0.24%
variation in the natural cycle period, which is likely to occur
naturally in a population, can eradicate these issues. In our
example the population was able to reduce the response
required from other providers in all periods of the year
studied.

A number of open questions remain. How would fac-
tors such as daily room temperature variations, opening

the door, and changing the contents of TCLs like fridge-
freezers affect the cycle distribution?Howwould a population
cope during more severe frequency incidents than existed
during 2015-16? What would be the effects of modelling the
population on a network where frequency variations can be
spatially dependent? How much diversity exists in real TCL
populations and can the effects of diversity be understood
theoretically?

In conclusion, this study indicates that a population of
fridges might perform a valuable service to the grid without
requiring centralised or stochastic control.

Appendix

A. Derivation of (7)

Sufficient condition (7) for a fridge to change its power
consumption as required by the system frequency is derived
as follows. We would like to know how the typical power
consumption over one cycle changes as system frequency
changes. Typical power consumption per TCL per cycle, 𝑝,
is given by

𝑝 = 𝑝𝜏ON(𝜏ON + 𝜏OFF) , (A.1)

where 𝑝 is the instantaneous power consumption of a TCL
when switched on (assumed to be independent of time in its
on-phase). From (2a), (2b), (4a), and (4b),

𝜕𝜏ON𝜕𝑓 = 𝛽− (𝑇+ − 𝑇ON) − 𝛽+ (𝑇− − 𝑇ON)
𝛼 (𝑇− − 𝑇ON)2 (A.2a)

𝜕𝜏OFF𝜕𝑓 = 𝛽− (𝑇OFF − 𝑇+) + 𝛽+ (𝑇OFF − 𝑇−)
𝛼 (𝑇OFF − 𝑇+)2 . (A.2b)

Therefore

𝜕𝑝𝜕𝑓 = 𝑝
𝛼2 (𝜏ON + 𝜏OFF)2 [

−𝛽+ (𝑇− − 𝑇ON) + 𝛽− (𝑇+ − 𝑇ON)
(𝑇− − 𝑇ON)2 (𝛼𝜏ON + 𝛼𝜏OFF)

− (𝛽− (𝑇+ − 𝑇ON) − 𝛽+ (𝑇− − 𝑇ON)
(𝑇− − 𝑇ON)2 + 𝛽− (𝑇OFF − 𝑇+) + 𝛽+ (𝑇OFF − 𝑇−)

(𝑇OFF − 𝑇+)2 )𝛼𝜏ON] .
(A.3)

Since 𝑝 > 0, 𝜕𝑝/𝜕𝑓 is strictly positive if and only if

𝛽+(𝜏ON (𝑇OFF − 𝑇−) (𝑇− − 𝑇ON) − 𝜏OFF (𝑇OFF − 𝑇+)2
(𝑇− − 𝑇ON) (𝑇OFF − 𝑇+)2 )

+ 𝛽−(𝜏OFF (𝑇OFF − 𝑇+) (𝑇+ − 𝑇ON) − 𝜏ON (𝑇− − 𝑇ON)2
(𝑇OFF − 𝑇+) (𝑇− − 𝑇ON)2 )

> 0

(A.4)

which is the case if and only if

𝜏ON (𝑇− − 𝑇ON)2 (𝛽+ (𝑇OFF − 𝑇−) − 𝛽− (𝑇OFF − 𝑇+))
+ 𝜏OFF (𝑇OFF − 𝑇+)2
⋅ (𝛽− (𝑇+ − 𝑇ON) − 𝛽+ (𝑇− − 𝑇ON)) > 0.

(A.5)

Therefore a sufficient condition for the derivative of 𝑝 with
respect toΔ𝑓 to be positive is that both terms in the preceding
equation should be strictly positive. Since 𝜏ON, 𝜏OFF, and the
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squared terms are always strictly positive this leaves us with
two sufficient criteria:

𝛽+𝛽− <
𝑇+ − 𝑇ON𝑇− − 𝑇ON

,
𝛽+𝛽− >

𝑇OFF − 𝑇+𝑇OFF − 𝑇− .
(A.6)

The upper bound is greater than 1 and the lower bound is less
than 1 if 𝑇ON < 𝑇− < 𝑇+ < 𝑇OFF.

B. Derivation of (61): The First Eigenvalue in
the Two-Group Case

The temperature evolution equations tell us that

𝑇A (𝑡1) = (𝑇A (0) − 𝑇OFF) 𝑒−𝛼𝑡1 + 𝑇OFF (B.1a)

𝑇B (𝑡1) = (𝑇B (0) − 𝑇ON) 𝑒−𝛼𝑡1 + 𝑇ON (B.1b)

𝑇A (𝑡2) = (𝑇A (𝑡1) − 𝑇ON) 𝑒−𝛼(𝑡2−𝑡1) + 𝑇ON (B.1c)

𝑇B (𝑡2) = (𝑇B (𝑡1) − 𝑇ON) 𝑒−𝛼(𝑡2−𝑡1) + 𝑇ON (B.1d)

𝑇A (𝑡3) = (𝑇A (𝑡2) − 𝑇ON) 𝑒−𝛼(𝑡3−𝑡2) + 𝑇ON (B.1e)

𝑇B (𝑡3) = (𝑇B (𝑡2) − 𝑇OFF) 𝑒−𝛼(𝑡3−𝑡2) + 𝑇OFF (B.1f)

𝑇A (𝑡4) = (𝑇A (𝑡3) − 𝑇OFF) 𝑒−𝛼(𝑡4−𝑡3) + 𝑇OFF (B.1g)

𝑇B (𝑡4) = (𝑇B (𝑡3) − 𝑇OFF) 𝑒−𝛼(𝑡4−𝑡3) + 𝑇OFF. (B.1h)

The temperature set point equations provide us with

𝑇A (𝑡1) = 𝑇B (0) + 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) 𝑡1 (B.2a)

𝑇B (𝑡2) = 𝑇A (𝑡1) + 𝛽𝑐𝑃𝑐 (1 − 𝜌∗) (𝑡2 − 𝑡1)
− (𝑇0+ − 𝑇0−) (B.2b)

𝑇A (𝑡3) = 𝑇B (𝑡2) + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗) (𝑡3 − 𝑡2) (B.2c)

𝑇B (𝑡4) = 𝑇A (𝑡3) − 𝛽𝑐𝑃𝑐𝜌∗ (𝑡4 − 𝑡3) + 𝑇0+ − 𝑇0−. (B.2d)

Equations (B.1a) and (B.2a) determine 𝑡1 in terms of𝑇A(0), 𝑇B(0), (B.1a) and (B.1b) determine 𝑇A(𝑡1), 𝑇B(𝑡1)
and so forth, and hence 𝑇A(𝑡4), 𝑇B(𝑡4) are determined by𝑇A(0), 𝑇B(0). To analyse the linear stability of the fixed point
of this map corresponding to the one group solution 𝑇Γ
(Section 3.2.2) we find that Δ𝑇 fl 𝑇B(𝑡4) − 𝑇A(𝑡4) depends
only on Δ𝑇 and some differences of switching times, by
eliminating the temperatures at the intermediary switch
times.

Δ𝑇 = (𝑇B (0) − 𝑇A (0)) 𝑒−𝛼(𝑡4−𝑡1) + (𝑇OFF − 𝑇ON)
⋅ (𝑒−𝛼(𝑡4−𝑡3) − 𝑒−𝛼(𝑡4−𝑡2) − 𝑒−𝛼(𝑡4−𝑡1) + 𝑒−𝛼(𝑡4)) . (B.3)

Defining 𝐿 fl 𝑙ON + 𝑙OFF and linearising about the single
group solution using the 𝜖𝑖 notation from Figure 4 (signed
displacement from the single group switch times) give

Δ𝑇
≈ 𝑒−𝛼𝐿Δ𝑇
+ 𝛼 (𝑇OFF − 𝑇ON) [(𝜖3 − 𝜖2) 𝑒−𝛼𝑙OFF − 𝑒−𝛼𝐿Δ 𝑡] .

(B.4)

Since (B.1a) and (B.2a) are two equations for 𝑇A(𝑡1), (B.1d)
and (B.2b) are two equations for 𝑇B(𝑡2), (B.1e) and (B.2c)
are two equations for 𝑇A(𝑡3), and (B.1h) and (B.2d) are two
equations for 𝑇B(𝑡4), we have
(𝑇A (0) − 𝑇OFF) 𝑒−𝛼𝑡1 + 𝑇OFF

= 𝑇B (0) + 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) 𝑡1 (B.5a)

(𝑇B (𝑡1) − 𝑇ON) 𝑒−𝛼(𝑡2−𝑡1) + 𝑇ON

= 𝑇A (𝑡1) + 𝛽𝑐𝑃𝑐 (1 − 𝜌∗) (𝑡2 − 𝑡1) − (𝑇0+ − 𝑇0−) (B.5b)

(𝑇A (𝑡2) − 𝑇ON) 𝑒−𝛼(𝑡3−𝑡2) + 𝑇ON

= 𝑇B (𝑡2) + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗) (𝑡3 − 𝑡2) (B.5c)

(𝑇B (𝑡3) − 𝑇OFF) 𝑒−𝛼(𝑡4−𝑡3) + 𝑇OFF

= 𝑇A (𝑡3) − 𝛽𝑐𝑃𝑐𝜌∗ (𝑡4 − 𝑡3) + 𝑇0+ − 𝑇0−.
(B.5d)

We used (B.5a) already to determine 𝑡1 in terms ofΔ𝑇 to first-
order (59). Denote 𝜏 fl 𝜖3 − 𝜖2, then to find 𝜏 to first order we
linearise (B.5c) to obtain

𝛽𝑐𝑝 (𝜎 − 𝜌∗) 𝜏 + 𝑇Γ (𝑙ON) + (𝑇B (𝑡2) − 𝑇Γ (𝑙ON))
= (𝑇Γ (𝑙ON) + (𝑇A (𝑡2) − 𝑇Γ (𝑙ON))) 𝑒−𝛼𝜏
+ 𝑇ON (1 − 𝑒−𝛼𝜏)

𝛽𝑐𝑝 (𝜎 − 𝜌∗) 𝜏 + 𝑇Γ (𝑙ON) + (𝑇B (𝑡2) − 𝑇Γ (𝑙ON))
= 𝑇Γ (𝑙ON) + 𝑇A (𝑡2) − 𝑇Γ (𝑙ON)
− 𝛼𝜏 [𝑇Γ (𝑙ON) + (𝑇A (𝑡2) − 𝑇Γ (𝑙ON))]
+ 𝑇ON (1 − 1 + 𝛼𝜏)

∴ [𝛽𝑐𝑝 (𝜎 − 𝜌∗) + 𝛼 (𝑇Γ (𝑙ON) − 𝑇ON)] 𝜏
= 𝑇A (𝑡2) − 𝑇B (𝑡2) .

(B.6)

Now we can find a substitution for 𝑇A(𝑡2) and 𝑇B(𝑡2)
𝑇A (𝑡2) − 𝑇B (𝑡2)

= 𝑇A (0) 𝑒−𝛼𝑡2 + 𝑇OFF (𝑒−𝛼(𝑡2−𝑡1) − 𝑒−𝛼𝑡2)
+ 𝑇ON (1 − 𝑒−𝛼(𝑡2−𝑡1)) − (𝑇B (0) − 𝑇ON) 𝑒−𝛼𝑡2
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− 𝑇ON

= − (𝑇B (0) − 𝑇A (0)) 𝑒−𝛼(𝑙ON+𝜖2)
+ 𝑇OFF (𝑒−𝛼(𝑙ON+𝜖2−𝜖1) − 𝑒−𝛼(𝑙ON+𝜖2))
+ 𝑇ON (𝑒−𝛼(𝑙ON+𝜖2) − 𝑒−𝛼(𝑙ON+𝜖2−𝜖1))

= −Δ𝑇𝑒−𝛼𝑙ON + 𝑇OFF𝛼𝜖1𝑒−𝛼𝑙ON − 𝑇ON𝛼𝜖1𝑒−𝛼𝑙ON
= (𝛼 (𝑇OFF − 𝑇ON) Δ 𝑡 − Δ𝑇) 𝑒−𝛼𝑙ON

(B.7)

and we can use this substitution to arrive at

𝜏 = (𝛼 (𝑇OFF − 𝑇ON) Δ 𝑡 − Δ𝑇) 𝑒−𝛼𝑙ON𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗) + 𝛼 (𝑇Γ (𝑙ON) − 𝑇ON) . (B.8)

With our expression for 𝜏 and for Δ 𝑡 using (59), we arrive atΔ𝑇 = 𝜆Δ𝑇 where
𝜆 fl (1 − 𝛼 (𝑇OFF − 𝑇ON)𝛼 (𝑇OFF − 𝑇Γ (0)) − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗))

⋅ (1 − 𝛼 (𝑇OFF − 𝑇ON)𝛼 (𝑇Γ (𝑙ON) − 𝑇ON) + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗))
⋅ 𝑒−𝛼𝐿.

(B.9)

C. Derivation of the Second Eigenvalue in
the Two-Group Case

In Appendix B we found one of the eigenvalues 𝜆 (61) for the
case of two groups of TCLs whose cycling was close to the
single group solution and claimed that the other eigenvalue
was insignificant for determining the stability of the system.
Here we derive bounds on the second eigenvalue to prove this
claim.

The temperature cycles of groupsA andB are initially very
close to the single group temperature cycle 𝑇Γ and therefore,
for 𝐼 ∈ {A,B}, we write

𝑇𝐼 (0) = 𝑇Γ (0) + 𝛿𝑇𝐼 (0)
𝑇𝐼 (𝑡1) = 𝑇Γ (0) + 𝛿𝑇𝐼 (𝑡1)
𝑇𝐼 (𝑡2) = 𝑇Γ (𝑙ON) + 𝛿𝑇𝐼 (𝑡2)
𝑇𝐼 (𝑡3) = 𝑇Γ (𝑙ON) + 𝛿𝑇𝐼 (𝑡3)
𝑇𝐼 (𝑡4) = 𝑇Γ (0) + 𝛿𝑇𝐼 (𝑡4) .

(C.1)

Our approach is to seek a map𝑀 such that

( 𝛿𝑇A (𝑡4)
𝛿𝑇B (𝑡4) ) = 𝑀(𝛿𝑇A (0)𝛿𝑇B (0)) . (C.2)

Taking linear approximations as in Section 3.2.3, (B.5a)
approximates to

𝑇Γ (0) + 𝛿𝑇A (0) − 𝛼𝑡1 (𝑇Γ (0) − 𝑇OFF)
≈ 𝑇Γ (0) + 𝛿𝑇B (0) + 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) 𝑡1

𝑡1 ≈ 𝛿𝑇B (0) − 𝛿𝑇A (0)𝜉1 ,
(C.3)

where

𝜉1 fl 𝛼 (𝑇OFF − 𝑇Γ (0)) − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) . (C.4)

We can use this expression for 𝑡1 and take a first-order
approximation of (B.1a) to find an expression for 𝛿𝑇A(𝑡1) in
terms of 𝛿𝑇A(0):

𝑇Γ (0) + 𝛿𝑇A (𝑡1)
= (𝑇Γ (0) + 𝛿𝑇A (0) − 𝑇OFF) 𝑒−𝛼𝑡1 + 𝑇OFF

𝛿𝑇A (𝑡1) ≈ 𝛿𝑇A (0) − 𝛼𝑡1 (𝑇Γ (0) − 𝑇OFF)
𝛿𝑇A (𝑡1)

≈ 𝛿𝑇A (0)
+ 𝛼𝜉1 (𝑇OFF − 𝑇Γ (0)) (𝛿𝑇B (0) − 𝛿𝑇A (0)) .

(C.5)

Similarly, using (B.1b) we find that

𝛿𝑇B (𝑡1)
≈ 𝛿𝑇B (0)
− 𝛼𝜉1 (𝑇Γ (0) − 𝑇ON) (𝛿𝑇B (0) − 𝛿𝑇A (0)) .

(C.6)

We repeat this process to find expressions for each time
interval (recall that 𝑡1 = 𝜖1 − 0 is the first interval between
switch times) (𝜖𝑖 − 𝜖𝑖−1) for 𝑖 ∈ {2, 3, 4} and each subsequent𝛿𝑇A(𝑡𝑖) and 𝛿𝑇B(𝑡𝑖). We use (B.5b) to find

𝜖2 − 𝜖1 ≈ 𝛿𝑇B (𝑡1) 𝑒−𝛼𝑙ON − 𝛿𝑇A (𝑡1)𝜉2 , (C.7)

where

𝜉2 fl 𝛼 (𝑇Γ (0) − 𝑇ON) 𝑒−𝛼𝑙ON + 𝛽𝑐𝑃𝑐 (1 − 𝜌∗) . (C.8)

Equations (B.1c) and (B.1d) thus yield

𝛿𝑇A (𝑡2) ≈ 𝛿𝑇A (𝑡1) 𝑒−𝛼𝑙ON − 𝛼𝜉2 (𝑇Γ (0) − 𝑇ON)
⋅ (𝛿𝑇B (𝑡1) 𝑒−𝛼𝑙ON − 𝛿𝑇A (𝑡1)) 𝑒−𝛼𝑙ON

(C.9)

𝛿𝑇B (𝑡2) ≈ 𝛿𝑇B (𝑡1) 𝑒−𝛼𝑙ON − 𝛼𝜉2 (𝑇Γ (0) − 𝑇ON)
⋅ (𝛿𝑇B (𝑡1) 𝑒−𝛼𝑙ON − 𝛿𝑇A (𝑡1)) 𝑒−𝛼𝑙ON .

(C.10)
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Using (B.5c) we find

𝜖3 − 𝜖2 ≈ 𝛿𝑇A (𝑡2) − 𝛿𝑇B (𝑡2)𝜉3 , (C.11)

where

𝜉3 fl 𝛼 (𝑇Γ (𝑙ON) − 𝑇ON) + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗) . (C.12)

Equations (B.1e) and (B.1f) yield

𝛿𝑇A (𝑡3)
≈ 𝛿𝑇A (𝑡2)
− 𝛼𝜉3 (𝑇Γ (𝑙ON) − 𝑇ON) (𝛿𝑇A (𝑡2) − 𝛿𝑇B (𝑡2))

(C.13)

𝛿𝑇B (𝑡3)
≈ 𝛿𝑇B (𝑡2)
+ 𝛼𝜉3 (𝑇OFF − 𝑇Γ (𝑙ON)) (𝛿𝑇A (𝑡2) − 𝛿𝑇B (𝑡2)) .

(C.14)

Finally (B.5d) gives

𝜖4 − 𝜖3 ≈ 𝛿𝑇A (𝑡3) − 𝛿𝑇B (𝑡3) 𝑒−𝛼𝑙OFF𝜉4 , (C.15)

where

𝜉4 fl 𝛼 (𝑇OFF − 𝑇Γ (𝑙ON)) 𝑒−𝛼𝑙OFF + 𝛽𝑐𝑃𝑐𝜌∗ (C.16)

and (B.1g) and (B.1h) give

𝛿𝑇A (𝑡4) ≈ 𝛿𝑇A (𝑡3) 𝑒−𝛼𝑙OFF + 𝛼𝜉4 (𝑇OFF − 𝑇Γ (𝑙ON))
⋅ (𝛿𝑇A (𝑡3) − 𝛿𝑇B (𝑡3) 𝑒−𝛼𝑙OFF) 𝑒−𝛼𝑙OFF

(C.17)

𝛿𝑇B (𝑡4) ≈ 𝛿𝑇B (𝑡3) 𝑒−𝛼𝑙OFF + 𝛼𝜉4 (𝑇OFF − 𝑇Γ (𝑙ON))
⋅ (𝛿𝑇A (𝑡3) − 𝛿𝑇B (𝑡3) 𝑒−𝛼𝑙OFF) 𝑒−𝛼𝑙OFF .

(C.18)

For each 𝑖 ∈ {1, 2, 3, 4} we can write

(𝛿𝑇A (𝑡𝑖)𝛿𝑇B (𝑡𝑖)) = 𝑀𝑖 (𝛿𝑇A (𝑡𝑖−1)𝛿𝑇B (𝑡𝑖−1)) (C.19)

and so

( 𝛿𝑇A (𝑡4)
𝛿𝑇B (𝑡4) ) = 𝑀(𝛿𝑇A (0)𝛿𝑇B (0)) , (C.20)

where

𝑀 fl 𝑀4𝑀3𝑀2𝑀1. (C.21)

We introduce the following simplifying notation before
defining each matrix𝑀𝑖. Let

A = 𝛼 (𝑇OFF − 𝑇Γ (0)) (C.22a)

B = 𝛼 (𝑇Γ (0) − 𝑇ON) (C.22b)

C = 𝛼 (𝑇Γ (𝑙ON) − 𝑇ON) (C.22c)

D = 𝛼 (𝑇OFF − 𝑇Γ (𝑙ON)) . (C.22d)

Then

𝑀1 = 1𝜉1 (
𝜉1 −A A

B 𝜉1 −B
) (C.23a)

𝑀2 = 𝑒−𝛼𝑙ON𝜉2 (𝜉2 +B −B𝑒−𝛼𝑙ON
B 𝜉2 −B𝑒−𝛼𝑙ON) (C.23b)

𝑀3 = 1𝜉3 (
𝜉3 −C C

D 𝜉3 −D
) (C.23c)

𝑀4 = 𝑒−𝛼𝑙OFF𝜉4 (𝜉4 +D −D𝑒−𝛼𝑙OFF
D 𝜉4 −D𝑒−𝛼𝑙OFF) . (C.23d)

We already know one of the eigenvalues of the system (𝜆),
and the second eigenvalue is given by det(𝑀)/𝜆. Note that
det(𝑀) = det(𝑀4)det(𝑀3)det(𝑀2)det(𝑀1), and

det (𝑀1) = 𝜉1 − (A +B)
= −B − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗) (C.24a)

det (𝑀2) = (𝜉2 +B (1 − 𝑒−𝛼𝑙ON)) 𝑒−𝛼𝑙ON
= (B + 𝛽𝑐𝑃𝑐 (1 − 𝜌∗)) 𝑒−𝛼𝑙ON

(C.24b)

det (𝑀3) = 𝜉3 − (C +D) = −D + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗) (C.24c)

det (𝑀4) = (𝜉4 +D (1 − 𝑒−𝛼𝑙OFF)) 𝑒−𝛼𝑙OFF
= (D + 𝛽𝑐𝑃𝑐𝜌∗) 𝑒−𝛼𝑙OFF .

(C.24d)

We can rewrite 𝜆 (see (61)) in our new notation as

𝜆 = (B + 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗)) (D − 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗))(A − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗)) (C + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗))
⋅ 𝑒−𝛼𝐿

(C.25)

which allows us to write
det (𝑀)𝜆 = [A − 𝛽𝑐𝑃𝑐 (1 − 𝜎 − 𝜌∗)]

⋅ [B + 𝛽𝑐𝑃𝑐 (1 − 𝜌∗)]
⋅ [C + 𝛽𝑐𝑃𝑐 (𝜎 − 𝜌∗)] [D + 𝛽𝑐𝑃𝑐𝜌∗] .

(C.26)

Denote the second eigenvalue by 𝜆2, and use

𝜆2 = det (𝑀)𝜆 . (C.27)
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Since 0 < A,B,C,D < 𝛼(𝑇OFF − 𝑇ON), 𝜎 ∈ (0, 1), and 𝜌∗ ∈(0, 1),
𝜆2 < [𝛼 (𝑇OFF − 𝑇ON) + 𝛽𝑐𝑃𝑐]4 (C.28)

which for our choice of parameter values gives
𝜆2 < 7.70 × 10−9. (C.29)

Therefore the absolute value of the second eigenvalue is
(significantly) less than 1, and so the stability of the system
is determined by the first eigenvalue 𝜆.
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International efforts to improve power grid resilience mostly focus on technological solutions to reduce the probability of losses
by designing hardened, automated, redundant, and smart systems. However, how well a system recovers from failures depends on
policies and protocols for human and organizational coordination that must be considered alongside technological analyses. In this
work, we develop a sociotechnical network analysis that considers technological and human systems together to support improved
blackout response. We construct corresponding infrastructure and social network models for the Korean power grid and analyze
them with betweenness to identify critical infrastructures and emergency management organizations. Power grid network analysis
reveals important power companies and emergencymanagement headquarters for responding to infrastructure losses, where social
network analysis reveals how information-sharing and decision-making authority shifts among these organizations. We find that
separate analyses provide relevant yet incomplete recommendations for improving blackout management protocols. In contrast,
combined results recommend explicit ways to improve response by connecting key owner, operator, and emergency management
organizations with the Ministry of Trade, Industry, and Energy. Findings demonstrate that both technological and social analyses
provide important information for power grid resilience, and their combination is necessary to avoid unintended consequences for
future blackout events.

1. Introduction

The increasing frequency and costs of catastrophic events
have prompted concerted international efforts to study and
design more resilient power systems. In the United States,
national policy is encouraging technical efforts to improve
the resilience of infrastructure systems, including energy,
water, cyber security, communications, transportation, emer-
gency management, healthcare, financial, and government
systems [1, 2]. Global organizations like the United Nations
[3] and Rockefeller Foundation [4] promote similar goals
across partner nations to establish resilient cities to future
catastrophes. In all cases, the resilience of electric power
systems receives particular interest, as electricity is essential
to the provision of nearly all other infrastructure services.
Power grid resilience research now produces a constant
stream of novel analytical techniques to predict and reduce

systemic losses associatedwith infrastructure failures, natural
disasters, and terrorist attacks [5–7]. Despite these efforts,
even the most modern power grids continue to experience
large-scale blackouts. Countries like the US [8], India [9],
Ukraine [10], andAustralia [11] sufferedmajor brownouts and
blackouts between 2011 and 2016 from a broad range of events
from extreme weather to cyberattack.

We argue that the lack of resilience in critical infrastruc-
ture is, in part, due to overemphasizing technological solu-
tions that underestimate crisis decision-making and social
context [12–15]. Currently, power system protection focuses
on hardening existing system components and designing
automated, redundant, smart, or otherwise technological
solutions to reduce the probability of losses [13, 14]. However,
reducing the probability of losses via technological solutions
alone does not reduce their consequences (i.e., outcome
of emergencies), which is dictated by human actions. For
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example, the 2003 US Northeast blackout included a com-
bination of infrastructure, control system, and decision-
making failures that exacerbated unstable conditions and led
to cascading damages [16]. Since 2003, postmortem analysis
of several major blackout events continue to recommend
improved communication within and across organizations
to enhance crisis response [12, 17, 18]. Thus, research
should expand awareness beyond technological limitations
to include the diverse institutions that influence human
decision-making and failure consequences, such as oper-
ations and management practices, economic constraints,
organizational and industry cultures, and affected parties.We
refer to the joint consideration of technological systems with
these and other social institutions hereafter as “sociotechni-
cal” analysis [19].

Network science enables one to model the components
and interactions of human and infrastructure systems [21],
suggesting the potential to develop a sociotechnical network
analysis (STNA) for infrastructure resilience. Both electric
power grids and human interactions are now studied as
networks, yet isolated research does not treat engineering
and social science perspectives as equals for sociotechnical
guidance. The term “sociotechnical” is primarily used in
network science to describe the study of human processes
organized or mediated by technology, such as the formation
of online social networks like Facebook and Twitter [22],
traffic flows on transportation systems [23], or human inter-
actions on communication networks [24–26]. Instead, we use
the term STNA to describe the application of sociotechnical
systems theory [19] to technological and human networks
coupled by a single context. The tenets of sociotechnical
systems theory can be translated into infrastructure network
models by analyzing both social and technological networks
together to avoid unpredictable and harmful recommen-
dations from narrow perspectives on a single system [27]
and by considering the tasks taken by social units and
the expected function of technological systems alongside
network structure [28]. A STNA of blackout management,
thus, requires both infrastructure networks of substations,
generators, transmission lines, and transformers as nodes and
links [29] alongside social networks of human constructs like
actors and their relational ties (e.g., who knows whom) [30],
not one or the other. A STNA also requires knowledge of
how power systems provide electric power services and the
tasks people and organizations take to ensure services remain
available. We argue that this form of STNA better supports
the design of resilient power grids than those extant in the
literature by integrating knowledge from engineering and
social science without marginalizing either. To the best of the
authors’ knowledge, this form of STNA is also novel as no
network studies in the literature give built and human systems
equal consideration.

In this work, we develop the first STNA of a power grid
to improve blackout response. We construct corresponding
infrastructure and social networks and study them to iden-
tify critical components. We use results from power grid
analysis in a new way by converting knowledge of critical
infrastructure into demographic data of the organizations
that manage their failures when lost. We further combine

these results with a social network analysis of the formal
institutions that dictate crisis coordination during large-
scale blackouts [31–33]. The social network analysis reveals
important organizations that fulfill coordination roles among
them. Together, these analyses uncover which organizations
are critical to power system protection from both engineer-
ing and administrative perspectives and can offer ways to
improve blackout management policies that either analysis is
incapable of offering its own.

Due to the significant amount of context-specific data
required for STNA, this work centers on a single case study
location: the South Korean power grid (KPG). In 2011, the
worst brownout experienced in Korea caused roughly half of
Seoul to lose power and was exacerbated by slowed decision-
making processes across operator and regulatory agencies
[34]. In 2013, corruption among regulatory officials led to
nationwide power shortages after components in Korean
nuclear power plants were found to have forged reliability
documentation [35]. In 2014, the national tragedy of a ferry
capsizing and killing 295 people (mostly children) [36]
triggered the reorganization of the entire Korean emergency
management industry to centralize crisis coordination efforts
into a single agency [37]. In 2016, a city-wide blackout in
Jeonggwan New City was exacerbated by a failure to deploy
backup infrastructure stored on the other side of the country.
Taken together, a case study of the KPG will have broad
impacts on Korean society as the South Korean grid in need
of social and technological guidance for blackout response.

2. Background on Korean Electric Power
and Emergency Management Industries

TheKPG is an islanded power system which has two primary
parts, a largemainland grid serving themajority of Korea and
a smaller, self-contained grid on the island state of Jeju-Do. In
this work, we focus on themainland KPG.Themainland grid
has voltage classes from 765 kV to as low as 3.3 kV, yet ∼55.1%
of substation and 96% of power line infrastructure are 345
and 154 kV (Figure 1) [38]. The 345 and 154 kV transmission
infrastructures are geographically clustered in population-
dense regions such as the Seoul Metropolitan Area in the
northwest. Korean power generation is dominated by coal,
natural gas, and nuclear power technologies, and this power
production is geographically centralized, where roughly 95%
of installed capacity is located in 55 separate sites throughout
the county [39].

KPG infrastructure is owned and operated by a few,
key organizations (Table 1). Korean power transmission and
distribution are managed by a single company, the Korea
Power Exchange (KPX), and infrastructure ownership and
maintenance are dominated by a separate company, the
Korean Electric Power Corporation (KEPCO). During crises,
KPX and KEPCO act as focal points for grid status, health,
and management across the nation: KPX managing power
flow and operations decisions and KEPCO managing power
line and infrastructure recovery. KEPCO has 6 generation
subsidiaries that independently operate and manage ∼97%
of Korean grid [40]. Liquid fuel, natural gas, and coal-
fired power plants are owned and operated by 5 of the 6
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Figure 1:Map of the 2013 South Korean power grid.Thismap shows
the connectivity of major power grid infrastructure in mainland
Korea, that is, power plants (red circles), high-voltage transmission
substations (dark blue circles), and power lines (dark blue lines).
Transformers connect buses that are too close together to be shown
in this image. For security purposes, data is simplified to only
publicly available data from the Korean Power Exchange [20]. Jeju
Island off the southern coast of Korea is also excluded from the
image because it is not considered in the current analysis.

generation subsidiaries, each with roughly the same total
generation capacity, 10–15GW. The single largest generation
subsidiary (∼20GW) is Korea’s sole owner and operator
of all nuclear power plants, Korea Hydro Nuclear Power
(KHNP). Besides nuclear and fossil fuel generation, ∼7%
of electricity is generated from hydroelectric and renewable
sources. KHNP and other KEPCO subsidiaries operate single
purpose dams (power generation), whereas the KoreanWater
Administration (Kwater) manages all Korean multipurpose
dams (power, water supply, and flood control).

Korean blackout response requires the coordination of
electric power regulators (Table 1) and emergency managers
for decision-making and crisis support (Table 2). KPX is the
established hub for minor blackout incidents. Ministries and
support organizations provide additional oversight in larger
events depending upon the type of generation technologies
involved (Table 1). For major fires, typhoons, earthquakes,
and terrorist attacks, the power industry coordinates with
first-responder and emergency management organizations
(fire fighters, police, and crisis mangers) to mitigate and
recover failed infrastructure. Federal regulatory and crisis
coordination agencies also become involved in decision-
making in worst case scenarios where national power

availability is deemed vulnerable. The Ministry of Trade,
Industry, and Energy (MOTIE) is the acting headquarters
for man-made disasters including infrastructure failure due
to human error or intentional attack and works with KPX
and KEPCO to respond to national blackouts. MOTIE’s
disastermanagement division works with theNational Emer-
gency Management Agency (NEMA) and the Ministry of
Security and Public Administration (MOSPA) to monitor
and manage natural disasters. When MOTIE, NEMA, or
MOSPA are involved in disaster management, MOTIE is
the final decision-maker for built infrastructure and NEMA
coordinates crisis support across a hierarchy of state and
special city crisis headquarters to city, county, and district fire,
police, and emergency management agencies.

Our description of the KPG and related crisis manage-
ment organizations is based on 2013-2014 data collected from
and verified by experts in formal interviews. We focus on
this timeframe to ensure that power system analyses match
with blackout management analyses. Since then, MOSPA
and NEMA have become part of the same organization, the
Ministry of Public Security and Safety (MPSS). Nonetheless,
analysis of this blackout management system is a critical case
relevant for many current policies and practices that remain
intact, and all conclusionsmade in this work are applicable to
the most recent organizational relationships.

3. Materials and Methods

3.1. Data for Network Analysis

3.1.1. Power Grid Networks. The KPG data was directly pro-
vided as a PSS/E (power system simulation for engineering)
printout by KEPCO and was converted into a complex
network using methods similar to those described in Kim et
al. [38].We assessed the extractedKPGmodel withMATLAB
packages for optimal power flow [41] and complex network
analysis [42, 43]. We use the Direct Current (DC) power flow
approximation for all analyses [41]. Power flow analysis was
calculated with the summer-time generation and demand
dispatch for peak system load used by KEPCO for power
system planning.

3.1.2. Korean Power Grid Emergency Response Networks.
Primary data for the interorganizational blackout manage-
ment social network was collected through semistructured
interviews with Korean electric power industry experts. 14
expert interviews ranging from 30 minutes to 2 hours in
length were held in South Korea over two 3-month periods
in 2014 and 2015. A total of 12.7 hours of interviews were
held. Experts interviewed include industry and academic
experts from the following organizations: KEPCO, KPX,
KHNP, NEMA, KMA, Kwater, Seoul National University, and
Ulsan National Institute of Science and Technology. In these
interviews, experts provided researchers with 208 pages of
primary documents outlining various power system emer-
gency protocols that were verified among interviewees.These
primary documents were coded to determine the specific
roles of different power system organizations identified in
Tables 1 and 2. Additional interviews were then held to clarify
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Table 1: Electric power industry organizations.

Operation & management Regulation & decision-making
Power transmission: Industry-wide:

Korea Electric Power Corp Ministry of Trade, Industry, and Energy
Korean Power Exchange Korea Electricity Commission

Thermoelectric power: % Gen capacity Sector specific, nuclear:
Korea Midland Power∗ 12.0% Nuclear Safety and Security Commission
Korea Western Power∗ 10.6% Korea Institute of Nuclear Safety
Korea East-West Power∗ 10.6% Sector specific, hydroelectric:
Korea Southern Power∗ 9.6% Ministry of Land, Infrastructure, and Transport
Korea Southeast Power∗ 9.6% Kum River Flood Control Office
POSCO Power 3.1% Youngsan River Flood Control Office
SK Energy 2.1% Nakdong River Flood Control Office
K-Power Ltd. 1.2% Han River Flood Control Office
Korea District Heating Corp 1.2%
Meiya Power Company 1.2%
GS EPS 1.1%
Hyundai Corporation 1.1%

Nuclear power:
Korea Hydro Nuclear Power∗ 29.0%

Hydroelectric power:
Korea Water Administration 2.9%
Korea Hydro Nuclear Power∗ —

∗Subsidiary of Korean Electric Power Corporation. Note. Only companies with >1% of total generation capacity for Korea are listed.

Table 2: Disaster management industry organizations.

Local operations & management Federal operations & management
Crisis operations, state: Crisis coordination:

Gyeonggi Firefighting & Disaster HQ Ministry of Trade, Industry, and Energy
Gangwon Fire HQ Ministry of Security and Public Administration
Chungcheongbuk HQ of Fire Mgmt. National Emergency Management Agency
Chungcheongnam Fire Safety Office Oversight:
Jeollabuk Fire Dept. HQ Prime Minister’s Office
Jeollanam Fire Safety HQ National Security Office
Gyeongsangbuk Fire Protection HQ Additional federal support:
Gyeongsangnam Fire Service HQ Ministry of Land, Infrastructure, and Transport
Jeju Fire & Disaster Mgmt. HQ∗ Ministry of Strategy and Finance

Crisis operations, city: Ministry of Employment and Labor
Seoul Fire & Disaster HQ Ministry of Health and Wellness
Busan Fire Department Ministry of Defense
Incheon Fire & Safety Mgmt. Dept. National Police Agency
Daejeon Fire Fighting Head Office Ministry of Culture, Sports, and Tourism
Gwangju Fire Safety HQ Korean Communications Commission
Daegu Fire Fighting HQ Korean Meteorological Agency
Ulsan Fire & Disaster HQ

∗Jeju Island is not included in the current analysis. Note. Table based on 2013 data.

roles and explicit information sharing and decision-making
relationships among power grid and emergencymanagement
organizations.

Together, the interviews and coded documents resulted
in social network models of the formal institutions for

blackout management in South Korea, where nodes rep-
resent organizations in Tables 1 and 2 and links represent
bidirectional information sharing and decision-making rela-
tionships.These networks are detailed representations of real
policies and protocols to the best of the authors’ knowledge
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and incorporate additional expert input for their accuracy of
relationships.

The shifting context of power grid operations and
decision-making changes with power system health, defined
by system reserve margin, and requires the creation and
analysis of six blackout management social networks. Six
reserve margin thresholds are defined in Korean policies,
one for Normal Operations, one for minor events that do
not reduce reserve margin past set thresholds, and four
for increasing blackout risks as backup power becomes less
available and the system becomes more unstable. We label
these thresholds by associated titles denoted within the
protocols themselves, with increasing risk of blackout from
Prevention activities to Alarm Red.

(i) Normal Operations. State/city emergency management
agencies coordinate infrastructure failure response directly
with power infrastructure owners and operators. This net-
work applies when infrastructure losses do not affect power
grid reserve margin.

(ii) No Alarm: Prevention. KPX provides blackout coordina-
tion to protect the power grid and some coordination still
exists between state/city emergencymanagers and infrastruc-
ture owner/operators.

(iii) Alarm Blue: Concern. KPX serves primary blackout
coordination role between electric power and emergency
management industries. Industry-specific regulators like the
MOTIE provide industry oversight.

(iv) Alarm Yellow: Caution. Additional oversight ministries
were involved in coordination efforts and first responder
decision-making shifts from emergency management agen-
cies to city/state governor offices.

(v) Alarm Orange: Alert. Crisis coordination and decision-
making switch from electric power industry organizations to
the MOSPA and the NEMA.

(vi) Alarm Red: Serious. All communication and decision-
making between industries are mediated by Korean Federal
Ministries with increasing ministerial participation (e.g.,
inclusion of military support).

3.2. Network Analysis Methods

3.2.1. Betweenness of Infrastructure and Social Networks. The
resilience of a power grid must be understood with respect
to the service it provides [27], the delivery of electricity from
generation to distribution substations that then serve point
of use. This generation-demand relationship corresponds to
social network theory via “package” based flow processes
[44]. Unlike other social processes such as gossip that trans-
fers information among actors in an unregulated, probabilis-
tic way, packages are assumed to have explicit destinations.
Information sharing and decision-making among blackout
crisis managers follow a similar package delivery relationship
due to the regulated nature of the industry.

The “package delivery” structure and function of the
KPG indicate that betweenness, which measures the flow
contribution of network elements, can be used to iden-
tify critical components in both infrastructure and social
networks. Betweenness in abstract graphs is based on the
“geodesic path (or shortest path)” from nodes i to j. The
set of all geodesic paths between any two nodes i and j is
referred to as the “minimum cut set” of i and j. Following this
definition, the “betweenness” of a node or link (BV) is the total
number of geodesic paths the network element V resides on
(𝜎V𝑖𝑗) normalized by the total number of geodesic paths (𝜎𝑖𝑗)
in a network [21], following

BV = ∑
𝑖 ̸=V ̸=𝑗∈𝑁

𝜎V𝑖𝑗𝜎𝑖𝑗 . (1)

When used in power grid networks, betweenness identifies
critical infrastructure whose loss may initiate cascading fail-
ures [45]. The same measure in crisis management networks
identifies authoritative actors that broker emergency infor-
mation and decision-making rights among disconnected
groups [31, 33, 46]. Thus, betweenness analysis should iden-
tify infrastructures that have the greatest influence on power
delivery and partnerships that dictate crisis coordination
activities.

3.2.2. Additional Power Grid Betweenness Measures. BV in (1)
assumes that all links and nodes are equivalent (unweighted
and homogeneous), which is not true for real power
grids. Within the KPG, different characteristic infrastruc-
tures extract electricity from the network, constraining the
total number of origin-destination flow paths within the
resulting graph. Moreover, power system infrastructure (e.g.,
power lines) has electrical properties that impede and limit
electricity from travelling along paths, further constraining
potential flow.Thus, (1)may produce an unrealistic ranking of
critical network elements by ignoring relevant power system
characteristics.

In response to the perceived impracticality of (1) for
power grids, researchers have developed betweenness mea-
sures that include relevant power system data for assessing
flow contribution. At least two novel electrical betweenness
metrics (EB1V and EB2V) are proposed in the literature to
build upon the formation and purpose of (1). The method
developed by Nasiruzzaman et al. [47] combines network
science and power system engineering by using geodesic
paths weighted based on the amount of power flowing
through them

EB1V = ∑
𝑖 ̸=V ̸=𝑗∈𝑁

𝑃V𝑖𝑗𝑃𝑖𝑗 , (2)

where 𝑃𝑖𝑗 is the maximum power flowing in the shortest path
between nodes i and j and 𝑃V𝑖𝑗 is the maximum of inflow and
outflow of power at bus V on this shortest path.The feasibility
of (2) for ranking nodes has been studied on numerous IEEE
test power systems using both AC [48, 49] andDC [47, 50, 51]
power flow models.
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Another method developed by Arianos et al. [52–54]
does not calculate shortest paths and instead uses simplified
power grid vulnerability methods [55] and combines their
output to recreate ameasure comparable to betweenness.This
method measures the sensitivity of nodes and links to the
changes in generation and load throughout the system to
assess their potential contribution to power flow. First, links
are considered to be power lines and transformers (|L| =𝑀lines) and nodes are power system buses organized into
three sets: generation (|G| = 𝑁Gen), transmission (|T| =𝑁Trans), and distribution (|D| = 𝑁Dist). Then, power transfer
distribution factors [56], 𝑓𝑔𝑑𝑖 , are calculated for each power
line, 𝑙 ∈ L, for a unit injection of electricity at a given
generation bus, 𝑔 ∈ G, and a comparable increase in load
at distribution bus, 𝑑 ∈ D. This value is used to determine
how the structure of the KPG influences power transmission
capacity across all 𝑔 to 𝑑 relationships. In addition, it is used
to calculate a total transfer capability factor, 𝐶𝑑𝑔, to ensure all
power lines remain within maximum power flow limits for
each generation-demand relationship:

𝐶𝑑𝑔 = min
𝑙∈L
(𝑃max
1𝑓𝑔𝑑1 ⋅ ⋅ ⋅
𝑃max
𝑙𝑓𝑔𝑑
𝑙

⋅ ⋅ ⋅ 𝑃max
𝑀𝑓𝑔𝑑𝑀 ) . (3)

The bus betweenness of bus V combines these two elements,
the sensitivity of power lines connected to it and total transfer
capability of the grid, and is defined as

EB2V = 12 ∑
𝑔∈G
∑
𝑑∈D
𝐶𝑑𝑔∑
𝑙∈LV

𝑓𝑔𝑑𝑙  , 𝑔 ̸= V ̸= 𝑑, (4)

where LV is the set of power lines connected to bus v and
the factor of 1/2 deals with double counting flow into and
out of nodes. As (1/2)𝐶𝑑𝑔∑𝑙∈LV |𝑓𝑔𝑑𝑙 | can be interpreted as the
security constrained contribution to power flow of node V for
a single generation-load pair, (4) calculates the total power
flowing through V relative to all generation, distribution
pairs within the system. Thus, (4) directly measures the
contribution of node V to flow without determining geodesic
paths orminimum cut sets, which is computationally difficult
for large networks.The feasibility of (4) for ranking nodes has
been studied on numerous IEEE test power systems and the
Italian high voltage transmission grid [52–54, 57, 58].

3.2.3. Converting Infrastructure Network Results into Demo-
graphic Results. We use all three betweenness measures to
find critical power grid infrastructure in the KPG because
there is no established “best” option among power grid
betweenness measures.Then we aggregate results into demo-
graphic data useful to blackout management organizations.
We treat each betweenness score as the relative importance
of each power grid bus within the KPG characterizing
its criticality. Then, we sum normalized scores based on
demographic information of where each node is located
in South Korea (longitude/latitude location) and ownership
information. These two pieces of information aggregate
individual node betweenness values into the infrastructure
companies that own and operate them (Table 1) and the state
or special city emergency management agency (Table 2).

3.2.4. Additional Social Network Measures. We use general
social network analysis measures outlined below to char-
acterize the six blackout management networks and (1) to
identify the critical organizations that broker information
for blackout coordination. Social network visualization and
analysis were completed using ORA-LITE social network
analysis software [59] developed by theCarnegieMellonCen-
ter for Computational Analysis of Social and Organizational
Systems.

To compare and contrast blackout management contexts,
additional measures are used to characterize network-level
properties of all six social networks, including the following
[60]:

(i) Network Size. It is the number of organizations (nodes) in
each network and the number of interactions (links) among
organizations.

(ii) Network Density. Density is calculated as ratio of network
interactions to the total number of possible interactions.
Density is a normalized measure ranging from 0 to 1,
where 0 indicates an unconnected network and 1 indicates a
completely connected network.

(iii) Network Centralization (Degree and Betweenness). Net-
work centralization measures the relative importance of
highest ranking node for a single network measure to rest
of the network. This is expressed as a ratio of the sum of
the differences between the highest ranking node and the
rest of the nodes in the network to the maximum possible
sum of the differences. Freeman [61] defines standard ways
to calculate degree and betweenness centralization with the
following equations:

Network Centralization, Degree

= ∑𝑛𝑖=1Degmax − Deg𝑖(𝑛 − 1) (𝑛 − 2) ,
Network Centralization, Betweenness

= ∑𝑛𝑖=1 Betmax − Bet𝑖(𝑛 − 1) (𝑛 − 2) (𝑛 − 3) ,

(5)

where Deg𝑖 is the number of links connected to node i
(referred to as the degree of i) and Degmax is the degree of the
node with the most links. Likewise, Bet𝑖 is the betweenness
of node i, and Betmax is the highest betweenness in the
network. All centralization values are between 0 and 1, where
0 indicates no centralization (all nodes equal) and 1 indicates
complete centralization (one node dominates the measure).

4. Results

4.1. Aggregated Power Grid Criticality Results. Linking the
Korean blackout management industry organizations and
infrastructure criticality analysis results implicates the
involvement of different power system and emergency man-
agement organizations in protecting infrastructure for
future blackout events. Figure 2 presents the aggregated and
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Power industry 
organizations

KEPCO 100.0% 99.9% 49.9%

KHNP 0.0% 0.0% 12.7% 29.0% 0.0% 5.6% 25.3%

KOSEPO 0.0% 0.0% 5.4% 9.6% 0.0% 0.0% 10.8%

KOSPO 0.0% 0.0% 5.1% 9.6% 0.0% 16.9% 10.1%

EWP 0.0% 0.0% 7.0% 10.7% 0.0% 8.5% 13.9%

KOWEPO 0.0% 0.0% 4.5% 10.3% 0.0% 22.6% 8.9%

KOMIPO 0.0% 0.1% 6.3% 12.0% 100.0% 46.4% 12.5%

Kwater 0.0% 0.0% 0.4% 2.9% 0.0% 0.0% 0.7%

Posco Power 0.0% 0.0% 1.7% 3.1% 0.0% 0.0% 3.3%

GS Power Co 0.0% 0.0% 0.3% 0.9% 0.0% 0.0% 0.7%

K-Power Ltd. 0.0% 0.0% 0.5% 1.2% 0.0% 0.0% 0.9%

Korea District Heating 0.0% 0.0% 0.2% 1.2% 0.0% 0.0% 0.5%

Posco E&C LTD 0.0% 0.0% 1.0% 0.8% 0.0% 0.0% 2.0%

GS EPS 0.0% 0.0% 0.6% 1.1% 0.0% 0.0% 1.2%

Meiya Power Co 0.0% 0.0% 0.5% 1.2% 0.0% 0.0% 1.0%

STX Energy 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0%

Korea Energy Mgmt. Corp 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Daelim Mitsubishi 0.0% 0.0% 1.5% 1.2% 0.0% 0.0% 3.0%

S-Power 0.0% 0.0% 0.1% 0.7% 0.0% 0.0% 0.2%

SK Energy 0.0% 0.0% 2.4% 2.2% 0.0% 0.0% 4.7%

Hyundai Corp 0.0% 0.0% 0.0% 1.1% 0.0% 0.0% 0.0%

% of installed 
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Figure 2: Criticality of KPG buses aggregated by power industry organizations.

normalized criticality scores for the infrastructures owned
by power system organizations. All measures implicate
KEPCO as owning and operating the majority of critical
KPG infrastructure. In particular, BV and EB1V only identify
power generation companies owning and operating fractions
of a percent of the critical infrastructure. In contrast, EB2V
identifies a much larger participation of power companies
in owning and operating critical infrastructure, suggesting
that KEPCO and KPX only operate ∼50% of the critical
infrastructure within the KPG.

The differences between power organizations become
more apparent when excluding transmission infrastructure
and only comparing the critical generation buses. Even
though few power plants are identified as critical, it is
important to pinpoint these infrastructures to identify the
importance of generation assets to the KPG. We present the
relative importance of just these infrastructures to determine
which organizations may operate these few central plants.
Here, BV identifies only a single generation company, Korea
Midland Power, as owning and operating critical infrastruc-
ture. EB1V and EB2V each identify multiple generation compa-
nies, but with varying importance of generation technologies.
EB1V implicates thermoelectric power companies as more
important than nuclear, and, in contrast, EB2V implicates the

exact opposite. Moreover, EB2V produces results quantitatively
similar to the percent total installed generation capacity and
is the only measure to suggest power producers not affiliated
with KEPCO to own and operate critical buses.

We combine infrastructure scores for geographic regions
to predict which emergency management headquarters may
be involved in crisis response. Figure 3 presents the aggre-
gated infrastructure results including a frequency plot of
power generation and transmission infrastructure in South
Korea compared and normalized criticality scores for infras-
tructure in each state and city region. Although more power
system infrastructure is located in the northwest region
surrounding the Seoul Metropolitan Area and the South-
ern coast (Figure 3(a)), the measures indicate that critical
infrastructure may be located elsewhere. Method BV suggests
that the vast majority of critical infrastructure is located in
the state Gyeonggi-do (GGD) surrounding Seoul and to a
lesser extent the three states making up the center of the
country: Chungcheongnam-do (CCND), Chungcheongbuk-
do (CCBD), and Gyeongsangbuk-do (GSBD), from east to
west, respectively (Figure 3(b)). Method EB1V produces results
similar to the physical location of infrastructure with greater
emphasis on the central and northwest regions of the country
instead of Seoul and Incheon cities (Figure 3(c)). Method EB2V
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Figure 3: Aggregate criticality scores for Korean power grid infrastructure by emergency management region. The top left image of Korea
presents the amount of generation and substation buses located in each region (a), where all other images show the normalized total criticality
score for each region (b, c, and d). Thus, percent scale refers to quantity of infrastructure (a) and aggregated criticality score (b, c, and d).
Regions are labelled in (a) with abbreviations: Gyeonggi-do (GGD), Gangwon-do (GD), Chungcheongnam-do (CCND), Chungcheongbuk-
do (CCBD), Gyeongsangnam-do (GSND), Gyeongsangbuk-do (GSBD), Jeollanam-do (JND), Jeollabuk-do (JBD), Seoul-si (SS), Incheon-si
(IS), Daejeon-si (DJS), Gwangju-si (GS), Daegu-si (DGS), Ulsan-si (US), and Busan-si (BS).
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Figure 4: Network-level results for Korean blackout management social networks. We characterize the 6 blackout management social
networks (y-axes) with five characteristic network-level measures (x-axes). (a-b) Social network size is measured by the total number
of organizations and interactions (i.e., links). (c) Network density, (d) centralization of degree, and (e) centralization of betweenness are
normalized values ranging from 0 to 1 (see Methods).

suggests that Gyeonggi-do (GGD) is not the most impor-
tant region, but rather Chungcheongnam-do (CCND) and
Gyeongsangnam-do (GSND), together, contain nearly 50%
of all critical infrastructure (Figure 3(d)). Across all methods,
the top ranked infrastructures are more often located in three
states of Chungcheongnam-do (CCND), Gyeongsangnam-
do (GSND), and Jeollabuk-do (JBD).

4.2. Blackout Management Social Network Results. Figure 4
presents general results of network analysis for the six
blackout management social networks. Results show that
formal policies produce social networks that have increasing
organizational inclusion with blackout risk. Formal institu-
tions assume that less risky scenarios require less regulated
interactions among electric power and emergency manage-
ment sectors, and vulnerable situations with lower reserve
margins and greater grid instability require more oversight
and federal involvement. This is represented in the network
size (Figure 4(a)) as the number of organizations connected
to the network almost doubles from 43 organizations in
Normal Operations to 79 in AlarmRed.Themajority of these
new nodes represent either emergency managers or federal
ministries not involved inminor blackouts, such as governor-
level crisis management HQs and the Ministry of Defense.

The decision-making authority of the electric power
industry peaks when the first blackout alarm is activated
(Alarm Blue) and then shifts to the emergency management
industry, as represented by the number of links (Figure 4(b)),
network density (Figure 4(c)), and centralization of node
degree (Figure 4(d)). All threemeasures show peaking trends
as blackout alarms increase in severity. Even though the
number of nodes among networks steadily increase with
crisis risk level, the number of links peaks around ∼180 links
and then decreases to 100 at Alarm Red. This sudden drop
in links corresponds with the transition of decision-making
and information-sharing authority from the electric power to
the emergencymanagement industry. Moreover, the network
density and centralization of degree peak at Alarm Blue and
decrease across all four alarms, corresponding with the initial
centralization of authority among the electric power industry
and its diffusion into emergency management organizations
as they join to the network.

Figure 4(e) also demonstrates variability in the central-
ization of blackout coordination activities among sectors
with the centralization of betweenness. The centralization of
betweenness increases across the first four networks, drops
to its minimum at Alarm Orange, and is at its maximum in
Alarm Red. The low centralization of betweenness of Alarm
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Figure 5: Betweenness and number of roles for Korean blackout management organizations. Each line represents a different organization.
As the majority of organizations are periphery actors, they have low betweenness compared to few central, coordinating organizations.These
central and important organizations are labelled: name (number of crisismanagement roles). Results demonstrate that few organizations from
both electric power and emergency management sectors are the key crisis coordinator for different blackout risks, specifically KEPCO, KPX,
and NEMA. In contrast, MOTIE and MOSPA are key decision-making organizations, yet they remain periphery to information brokerage.

Orange when compared to Alarm Yellow or Red corresponds
to the electric power and emergency management industries
sharing information brokerage activities almost equally for
that interorganizational configuration. All other instances
with high centralization of betweenness will have a single
organization as the most central crisis coordinator.

Nodal betweenness identifies that organizations with
fewer decision-making roles than others tend to broker
information during blackouts. Betweenness results presented
in Figure 5 identify the specific organizations that act as infor-
mation hubs for blackout response. KEPCO and Gyeonggi-
do Fire Mgmt. HQ share central crisis coordination roles for
Normal Operations, KPX is the most central organization
for Prevention, Alarm Blue, and Alarm Yellow, NEMA and
KPX share coordination for AlarmOrange, and NEMA is the
central coordinator for Alarm Red. These results correspond
to general perspectives held by blackoutmanagement experts
that either KPX or NEMA is the crisis management HQ
for blackouts. Still, KPX and NEMA have fewer decision-
making roles as outlined in formal protocols and may not
be best suited for being the central information broker. The
number of roles assigned to each organization (labelled next
to its name) reveals that MOTIE (33), KEPCO (19), and
MOSPA (19) have far more blackout management roles to
fulfil than KPX (6) and NEMA (6). This result indicates that
decisions made by authoritative organizations must travel
through intermediary organizations before reaching their
final destination.

5. Discussion

5.1. Implications for Blackout Management Protocols from
the Infrastructure Perspective. Results suggest that certain
generation companies may be more involved in future
blackout scenarios. Current blackout management policies
make limited differentiation between organizational roles
between generation companies, which may be inappropriate
when each company owns and operates different amounts of

critical infrastructure. For example, both BV and EB1V would
recommend that increased protection and recovery capacity
be located at generation facilities owned and operated by
Korea Midland Power, where EB2V results emphasize nuclear
power plants managed by KHNP and relatively equivalent
treatment of other KEPCO subsidiaries. Moreover, EB2V
highlights differences among private power producers that
manage an appreciable amount of critical infrastructure like
SK Energy, Posco Power, and Daelim Mitsubishi that are
not reflected in crisis management protocols. Based on these
results, we recommend that crisis management policies make
more explicit roles for the KEPCO subsidiaries and private
power companies that operate these critical infrastructures to
emphasize their potential involvement in blackout response.

Specific state and city headquarters have a greater chance
of being the crisis management authority in large-scale
blackout support activities than others. Combining results
across measures, Chungcheongnam-do (CCND), Gyeong-
sangnam-do (GSND), and Jeollabuk-do (JBD) house more
critical power grid infrastructure than other regions. More-
over, aggregate scores for regions consistently score states
higher than cities, with Gyeonggi-do (GGD), Chung-
cheongnam-do (CCND), Gyeongsangbuk-do (GSBD), and
Gyeongsangnam-do (GSND) receiving top ranks acrossmul-
tiple methods. Whereas existing national blackout manage-
ment policies treat emergency management HQs equiva-
lently, more focused policies may highlight power system
protection and response in these regions. For example, the
most recent blackout in Korea which occurred in the South-
eastern region of Gyeongsangnam-do (GSND) was exacer-
bated as backup infrastructure was only housed in Seoul.
Reorienting crisis response resources to match these results
would have led to a shorter blackout duration bymaintaining
backup transformers near more critical substations.

5.2. Implications of Blackout Management Protocols from
the Social Network Perspective. This analysis is the first to
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take a system-wide perspective on blackout management
and identify when decision-making and information-sharing
authority shifts between industries. Policies and protocols
outline explicit decision-making and information-sharing
roles, and experts are aware of the interactions among multi-
ple sectors. However, explicit transitions in authority are not
outlined in formal institutions making it difficult for actors
to predict which electric power or emergency management
organization will be the central coordinating body when
alarms are activated. Network-level analysis demonstrates
a transition in authority between the electric power and
emergency management industries associated with a drop
in number of links, network density, average degree, and
centralization of degree and an increase in centralization
of betweenness. Decision-making is most centralized in the
power industry for Alarm Blue and makes a transition to the
emergency management industry between Alarms Orange
and Red. Experts can use this information to determine if
current reserve margin and power system stability measures
are effective for creating the wanted decision-making context
to handle blackout risk.

Betweenness results indicate that there may be a mis-
match between blackout decision-making authority and
information brokerage in South Korea, suggesting a need
to restructure current policies. Although KPX and NEMA
are identified as central hubs for power grid and emergency
management information, they are not the central decision-
makers. Having central actors involved in information-
sharing is vital for successful blackout response, as effective
coordination avoids the duplication of work, hindrance of
first responders, delays due to misunderstanding, and inap-
propriate allocation of resources [62]. Crises including the
2011 Seoul Brownout, 2013 Corruption Scandal, 2014 Ferry
Tragedy, and 2016 Blackout were exacerbated by hindrances
like the infeasibility to centrally manage, role ambiguity, and
unbalanced workload distribution. Restructuring blackout
response policies to centralize actors with greater decision-
making authority may alleviate this issue. MOTIE, in partic-
ular, is identified through interviews as an important orga-
nization for decision-making and oversight, yet a periphery
node remains within all networks for information brokerage.
Making MOTIE a central node is a possible way to improve
coordination activities. We recommend doing this for inter-
mediary networks that transition authority between sectors
like Alarm Yellow and Orange as MOTIE has equal authority
to other federal organizations where KPX does not. Thus,
we recommend restructuring future policies to centralize
MOTIE for Alarms Yellow and Orange to support decision-
making and shifting authority among industries.

5.3. Combined Guidance. Completing infrastructure and in-
terorganizational network analyses side-by-side offers com-
bined recommendations to improve blackout management
in South Korea. The results from both network analyses are
complementary as infrastructure analysis identifies which
periphery organizations own, operate, and respond to critical
infrastructure failures and social network analysis identi-
fies which organizations coordinate decision-making and
information-sharing among them. Betweenness results for

the social network further indicate that there is a mismatch
between organizational authority and information broker-
age that may require updating protocols to restructure the
network. While the above recommendations for improving
formal policies may be helpful, they remain superficial by not
specifying how improvements are to be made. For example,
social network analysis can offer the recommendation to
restructure the social network to centralize MOTIE for
Alarms Yellow and Orange but cannot specify which paths
or organizations should be involved in restructuring. Instead,
the results from infrastructure network analysis identify crit-
ical organizations that should be involved in these heightened
blackout risk scenarios. Our combined recommendation is
then to restructure formal institutions to increase infor-
mation flow among the power companies, Korea Midland
Power, SK Energy, Posco Power, and Daelim Mitsubishi, the
emergency management agencies in Chungcheongnam-do,
Gyeongsangnam-do, and Jeollabuk-do, and MOTIE.

6. Conclusion

Blackouts continue to occur across the globe due to failed
blackout coordination activities, and power grid resilience
depends upon effective formal policies and protocols to
handle emergency response. We identify critical cases in
which blackout coordination does not match infrastructure
failure needs in South Korea by conducting STNA with
matching data from 2013 for KPG infrastructure and black-
out management policies. In the KPG, separate analysis
of infrastructure and interorganizational networks provides
insight into the cause of recent, exacerbated events. Power
grid criticality analysis shows that some infrastructures and
organizations may be disproportionately involved in large-
scale events, yet formal policies do not distinguish between
them. Social network analysis characterizes the transition
of authority among sectors and organizations to help guide
more precise use of policies to manage future events. Still,
each analysis on its own can only provide broad recom-
mendations for improving institutions rather than specific
changes to policy. Combined results instead pinpoint the
specific social networks and organizations that needed to be
changed when updating future policies.

This work demonstrates that the growing number of
studies comparing criticality measures for other real-world
power systems [57, 63–65] or developing social networks
around infrastructure systems [23] would benefit from
linking technological analyses to social context. Since the
majority of academic literature does not bridge infrastructure
and social contexts, power grid protection and resilience
may be undermined by overlooking the social consequences
of technical recommendations. The inclusion of ownership
and jurisdictional boundaries in this work revealed Korean
organizations whose actions may have greater influence on
power grid protection than others. In interconnected grids,
a similar analysis may highlight local decision-makers that
have disproportionate authority over power system security
that crosses utility, state, and country borders. The same
is true for social network analysis of actors that man-
age infrastructure systems. Taking a public administration
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perspective while ignoring the interconnected and complex
infrastructure system it surroundsmay overlook salient inter-
actions that connect social entities but exist in the technology.
Crisis management protocols made without reference to
the physical limitations of existing infrastructure creates
latent weaknesses embedded in policy which may exacerbate
damages in future emergencies. The sociotechnical network
analysis presented herein offers one way to overcome these
issues.
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Structural analysis based on complex network theory has been considered promising for security issues of power grids. At the
same time, modern power distribution networks with more Distributed Generations (DGs) and Energy Storage Systems (ESS)
have taken on more challenges in operation and security issues. This paper proposed a dedicated metric named as Power-Supply-
Ability for power distribution networks based on net-ability. Special features of DGs, such as relations of capacities, identification of
effective supply area, and limitation in continuous power supply, have been considered in definition. Furthermore, a novel opinion
is proposed that the extent of improvement for operation and security by adding DGs also depends on the original structure of the
distribution networks.This is an inherent ability of the original networks and could be quantitatively analyzed.Through case studies,
this method has been proved to be effective in identifying potential structural vulnerabilities of distribution networks; particularly
the impact of DGs on security has been studied. Furthermore, it can help in site selection for DGs by providing different priorities
of locations compared with results of other works.This can help to complement other methods to construct a more comprehensive
methodology by considering aspects of security, economy, and quality.

1. Introduction

Thenetworks of power system, also named as power grids, are
a critical infrastructure in modern social livings [1]. Serious
outages of electrical power systems can impact the whole
society [2, 3]. For instance, recent blackouts have occurred
in the USA and Europe directly causing losses up to billions
of dollars [4]. These serious consequences have drawn much
attention to electrical security problems such as accidental or
intentional attacks [4, 5].

However, with the increasing size and complexity in
power grids [6], as well as increased consumption of power
and other social developments, it is becoming more difficult
and complex to analyze a large scale of whole power system
and the complicated interconnectivity precludes us from
understanding and evaluating an overall power system [6].
Complex network theory is a popular method to analyze

networked systems in terms of a set of lines with connected
nodes and fortunately recent studies have found that several
properties of complex network (CN), such as small-world
[7] and the characterization of scale-free [8], were related to
power networks. It then allows structural analysis of power
grids through pure topological metrics and brings a new
analyzing method to overcome the above problems [9, 10]. In
the theory of CN, Global Efficiency is a metric to measure
the efficiency of the network for information transmission
between vertices [10] and later is popularly referred to in
assessing the vulnerability of power grids [5, 11–15]. Fur-
thermore, with consideration of specific features in electrical
engineering, it was updated as net-ability to evaluate power
transmission networks [2, 4]. Based on complex network
concept, net-ability analyzes the performance of transmission
networks through considering extra physical features such as
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power flow limits, electrical distance, and contributions of all
involved transmission paths.

Although net-ability is effective in analyzing power trans-
mission networks, due to different structural features among
transmission and modern distribution networks, it could
not be directly utilized for modern distribution networks.
In conventional distribution networks, the main differences
from transmission networks are their radial topology and
impedance to resistance ratio. But it is not a problem for
complex network theory to analyze any network structure
including radial topology, and it is not a problem to adapt
net-ability with appropriate impedance model. However, in
modern power distribution networks, Distributed Gener-
ation (DG) and energy storage devices may increase its
complexity. DGs, simply defined as small-scale electricity
generation within distribution networks or on the customer
side of the networks, are currently undergoing an increasing
amount to relieve environmental problems, such as green-
house gases from traditional electricity generation [16–23].
There are various categories of DGs, such as photovoltaic
cells installed at homes or wind turbines on a farm land.
Although these DGs could improve power supply to local
loads, compared to conventional generation, they are highly
dependent on climates or weather and could not provide
continuous electricity [16, 17]. So battery Energy Storage
Systems (BESS) can also be widely applied to improve power
stability and demand/supply balance [17].

Up to now, to our best knowledge, few papers have
considered direct applying of complex network approaches
for analyzing modern distribution networks, especially to
include impacts from DG and BESS. By comparing with
conventional power distribution stations, [24, 25] consider
DG with relevant small capacity and being placed to load
node. Reference [24] pointed out that the power supply per-
formance of DG should decrease rapidly with the increases
of distance. Based on complex network concept, they raise
some metrics to reflect that DG performance would decrease
rapidly with increase of distance. The metrics used expo-
nential form to show that DG contributed more power
to relatively local load demand and less to remote loads,
but exponential form cannot be fully justified and specific
electrical features, such as impedance, power capacities of
different devices, and contribution of different paths, were not
fully considered. In this paper, the main impacts from DG
on structural analysis of distribution networks are considered
according to the channel capacity, supplying distance as well
as intermittency and fluctuation of primary energy.Thesewill
be discussed in detail in Sections 2 and 3.

The rest of paper is organized as follows: global efficiency
and net-ability will be discussed with their limitations for
applying in distribution networks in Section 2. In Section 3,
a new concept of Power-Supply-Ability (PSA) and its appli-
cation in evaluating power distribution networks will be
proposed. In Section 4, a novel opinion will be discussed
to evaluate the inherent ability of original network structure
to be improved by adding DGs. Simulation and results
of application of PSA are shown in Section 5 with some
examples and Section 6 contains some conclusions.

2. From Global Efficiency to Net-Ability

Global efficiency from the CN theory was initially defined
by Latora [2, 4, 10] and was later widely used to evaluate
performance of network, such as vulnerability assessment or
location of critical components [4, 26]. It was also utilized in
analyzing cascading failures for assessing power systems [27–
29]. The definition for global efficiency can be written as

𝐸 (Y) = 1𝑁 (𝑁 − 1)∑𝑖 ̸=𝑗
1𝑑𝑖𝑗 . (1)

𝑑𝑖𝑗 is the distance (length of the shortest path) between the
pair of node 𝑖 and node 𝑗, and 𝑁 is the number of all nodes
in the network. This formula is aimed at measuring network
efficiency of information transmission by considering that the
efficiency for sending information between a pair of nodes𝑖 and 𝑗 is proportional to the reciprocal of their geodesic
distance. For obtaining the general efficiency of the whole
network, performance between each pair of nodes should be
assessed to calculate an average value.

However, when applying this metric to evaluate power
grids, the original concept of distance in (1) is not meaningful
in electrical engineering [2, 4, 30]. Distance in power grids
should be adjusted as the ability to overcome difficulties
of transferring power between the pair of generator node𝑔 and load node 𝑑. Through considering the economic
and technical aspects, power transmission difficulties should
depend both on power flow capacity and on impedance.
According to the electrical circuit theory, the equivalent
impedance between bus 𝑔 and bus 𝑑 can be expressed as

𝑍𝑑𝑔 = 𝑈𝑑𝑔𝐼𝑔 = 𝑧𝑔𝑔 − 2𝑧𝑔𝑑 + 𝑧𝑑𝑑. (2)

𝑧𝑔𝑔, 𝑧𝑔𝑑, and 𝑧𝑑𝑑 are corresponding elements of the
impedance matrix of the network.

Furthermore, the maximum power flow limit from 𝑔 to 𝑑
should also be considered, which can be calculated as

𝐶𝑑𝑔 = min
𝑙∈𝐿
(𝐶max
𝑙𝑓𝑔𝑑𝑙 ) . (3)

𝐶𝑑𝑔 is power transmission capacity between the generator-
load (𝑔-d) pair. 𝐿 is the set of all lines connecting 𝑔 and𝑑; 𝐶max
𝑙 is the maximum power flow capacity for line 𝑙; 𝑓𝑔𝑑

𝑙
is the power transfer and distribution factor (PTDF) when
transferring power from bus 𝑔 to 𝑑. PTDF here has overcome
the assumption of transferring physical quantity only through
the shortest path in global efficiency. Therefore, with the new
definition of distance in power grids and taking into account
power flow capacity characterized by PTDF, net-ability for
power transmission network was defined as [3, 4, 9]

𝐴 (Y) = 1𝑁𝐺𝑁𝐷 ∑𝑔∈𝐺∑𝑑∈𝐷
𝐶𝑑𝑔𝑍𝑑𝑔 . (4)
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𝐺 and 𝐷 are, respectively, the sets of generator buses and
load buses. 𝑁𝐺 is the number of generator buses and 𝑁𝐷 is
the number of loads buses.

With fast development of smart grid technologies, dis-
tribution networks with DGs and BESS have become a hot
topic in research and engineering. However, up to now, pure
structural analysis has seldom been applied to this field. In
fact, the evaluation of power supply security with penetration
of DGs and BESS is meaningful and necessary; and site
allocation for DGs and BESS from structural perspective can
also contribute to real system planning and operation.

Although net-ability has been applied to evaluate struc-
ture vulnerabilities of power transmission network as an
effective approach, it is not reasonable to directly apply it for
modern distribution networks.

Firstly, only the capacity of transmission channel between
any pair of generator bus and load bus was considered,
because net-ability only targeted features of network and
did not consider generators or loads as a part of networks.
However, the power capacities of power sources and loads
may impact on the final power supply performance if they
aremuch different from the capacity of channel, especially for
distribution networks where the capacities of power sources
are not comparable with transmission networks. Therefore,
the connotation of structural analysis should not be limited
to pure topological features but should also include some
static physical features of devices, such as capacities of power
sources and BESS.

Secondly, in definition of net-ability, all generator buses
are supposed to have large capacity to support long distance
transmission, so any generator can be a power source for
any load bus in the same network. However, in distribution
networks, most DGs have much smaller power capacity and
may only be effective power sources for a range of local loads.
Therefore, DGs cannot be considered as equal power sources
in set 𝐺 with other traditional sources and cannot be an
effective power source for any load bus in the network.

Thirdly, most DGs are renewable power generation, such
as wind power or solar power. The output power of such
power sources greatly depends on the availability of primary
energy. Therefore, with intermittency and fluctuation, these

power sources cannot supply continuous full rated output
power for any required time period. Similar problem exists
for BESS, which have to operate in charging and discharging
modes in turn and cannot supply continuous full rated power
for any required time period. As these features can seriously
impact on the power supply performance of the distribution
networks, they should not be neglected in structural analysis.

3. Power-Supply-Ability for
Distribution Networks

To address the problems mentioned above, a new metric
named as Power-Supply-Ability (PSA) dedicated to distribu-
tion networks is proposed based on net-ability.

To address the first problem mentioned in Section 2, the
capacity of power source will be compared with the capacity
of transmission channel defined in (3), and theminimumone
will be applied in evaluating Power-Supply-Ability:

min (𝐶𝑑𝑔, 𝐶𝑔)𝑍𝑑𝑔 . (5)

If the capacity of power source is smaller than the channel
capacity, that means the channel capacity cannot be fully
utilized by the power source, so it cannot be directly used in
evaluating Power-Supply-Ability.

As for the second problem in Section 2, with development
of renewable technology, focus of environmental-friendly
energy, and demand/supply balance, new generation tech-
nologies of DG such as wind generation and energy storage
are gradually considered in distribution networks [17, 31,
32]. However, according to their common small capacities
[32, 33] and power generating efficiency, they should not be
directly evaluated as above conventional power sources. So in
definition of PSA, DGs will only be considered as backup or
auxiliary power sources to improve power supply reliability
and quality, which cannot be considered in a source-load pair
in average calculation, but just as an additional compensation
for a conventional source-load pair.Therefore, the net-ability
can be extended as

PSA (Y) = 1𝑁𝐺𝑁𝐷
{{{∑𝑔∈𝐺[[∑𝑑∈𝐷(

min (𝐶𝑑𝑔, 𝐶𝑔)𝑍𝑑𝑔 + ∑
𝑔𝐵∈𝐺

𝑑

𝐵

min (𝐶𝑑𝑔𝐵 , 𝐶𝑔𝐵)𝑍𝑑𝑔𝐵 )]]
}}} , (6)

where 𝐺𝑑𝐵 is the set of DG buses which are effective power
sources for load bus 𝑑. And 𝐶𝑔𝐵 is capacity of DG at bus𝑔𝐵; 𝐶𝑑𝑔𝐵 is power transmission capacity from bus 𝑔𝐵 to load𝑑, which can also be calculated by (3). 𝑍𝑑𝑔𝐵 is the equivalent
impedance between 𝑔𝐵 and the supplied load bus 𝑑. The
metric of net-ability calculates average network performance
for all possible (generation + load) pairs. PSA considers a power
supply layout in terms of main power source + load + auxiliary
sources and calculates average power supply performance for

all possible power supply layouts. This means that when
considering the power supply of one pair (𝑔-d), additional
power supply from local power supplies (DGs) to that load𝑑will also be considered to improve the supply performance.

Since DGs in (6) are considered to have small capacities
in this paper, it implies that DGs could not serve any load in
the network like conventional power sources. It then needs a
method to identify effective DG power sources 𝐺𝑑𝐵 for a load
bus 𝑑. From another point of view, we can say that we need
a method to identify effective supply area of a DG bus 𝑔𝐵.
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Figure 1: Sketch for effective supply area of DGs.

Then𝐺𝑑𝐵 is the set of DG buses whose supply areas all include
load 𝑑. When considering effective supply area of DGs, the
general idea is that, with the same impedance, higher power
supply capacity increases the efficient supplying area; with the
same power supply capacity, higher impendence reduces the
efficient supplying area. Then, a criterion to identify effective
supply area for a DG bus is proposed as

𝑍𝑑𝑔𝐵
min (𝐶𝑑𝑔𝐵 , 𝐶𝑔𝐵) ≤ 𝛾, 𝑔𝐵 ̸= 𝑑. (7)

All DGs from𝐺𝑑𝐵 satisfy criterion𝑍𝑑𝑔𝐵/min(𝐶𝑑𝑔𝐵 , 𝐶𝑔𝐵) ≤ 𝛾
and 𝑔𝐵 ̸= 𝑑. To be specific, when the criterion is satisfied,
it means that the DG has the ability to supply power to
load d with acceptable power quality. 𝑔𝐵 ̸= 𝑑 means that
when analyzing power supplied to load 𝑑, any DG directly
installed at load bus 𝑑 will not be evaluated. The reason is
that PSA in this paper is to evaluate the distribution network;
once the DGs are placed at the load bus 𝑑, to some degree,
they could not be considered as a part of network because
their interactions are not through the network frame, and the
power supply from these DGs to load 𝑑 should be considered
as an internal supply, which is isolated from the whole system
performance. Additionally, 𝛾 is a parameter to define the
DG supply area and it should be a value based on statistical
analysis and simulation.

Figure 1 is a sketch to explain the meaning of effective
supply area and power supply layout. A main power source
G and a load bus D can be considered as a generation + load
pair. There are three different DGs in the figure. Each DG
could be considered as the center of a circle whose radius is𝛾. The circles could be considered as the effective area of each
DG.The load bus D is inside the circles of DG1 and DG2 but
outside of the circle of DG3. That means DG1 and DG2 are
all effective auxiliary sources for D and should be included
in 𝐺𝑑𝐵. And DG3 is not an effective auxiliary source for D; it

should not be included in 𝐺𝑑𝐵. So the corresponding power
supply layout could be (G + D + DG1 + DG2).

To address the third problem mentioned in Section 2, as
some renewableDGs andBESS cannot supply continuous full
rated power, a power supply factor is introduced:

𝜂 = 𝑇𝑆𝑇𝑃 = Equivalent Supply Time at Rated Power
Total Time of One period

. (8)

For a DG or BESS with rated power 𝑃, suppose, in one
calculating period 𝑇𝑃, the accumulated output energy is 𝐸𝑃;
then the equivalent supply time at rated power during this
period can be calculated as

𝑇𝑆 = 𝐸𝑃𝑃 . (9)

This is amethod to unify allmain power sources,DGs and
BESS systems. For example, for a main power source 𝑔, such
as a distribution substation which has ability to supply rated
power during any required time period, the corresponding
power supply factor 𝜂𝑔 is equal to 1. This will not influence
the calculation of net-ability. But for some DGs and BESS,
this power supply factor needs to be calculated according
to statistical data. For a wind power generator or PV panel,
this needs to select a long term period with corresponding
weather information and actual output energy statistical data.
For BESS, the system needs specific time for charging and
then to make discharging for some time. The power supply
factor should be calculated based on an average charging and
discharging period.

Furthermore, the power supply factor is an indicator to
reflect the ability of a power source to make continuous rated
power supply but not description for real operating state. For
example, a main power source (distribution substation) may
have power supply factor of 1 meaning ability to supply rated
power for any required time period, but it does not mean it
always operates at rated power for any time.
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With this power supply factor, PSA can be finally defined
as

PSA (Y) = 1𝑁𝐺𝑁𝐷
{{{∑𝑔∈𝐺[[∑𝑑∈𝐷(𝜂𝑔

min (𝐶𝑑𝑔, 𝐶𝑔)𝑍𝑑𝑔 + ∑
𝑔𝐵∈𝐺

𝑑

𝐵

𝜂𝑔𝐵min (𝐶𝑑𝑔𝐵 , 𝐶𝑔𝐵)𝑍𝑑𝑔𝐵 )]]
}}} (𝑔 ̸= 𝑑, 𝑔𝐵 ̸= 𝑑) . (10)

Similar to calculation for net-ability, the relative change
of PSA after removal of components can help to indicate
the most important components in the targeted distribution
network:

ΔPSA = PSA (𝑌) − PSA (𝑌 − 1)
PSA (𝑌) , (11)

where PSA(𝑌 − 1) represents the Power-Supply-Ability of
distribution network after one component is removed andΔPSA is the relative drop of PSA normalized by PSA(𝑌)
to identify critical components of a network. Higher value
of ΔPSA implies that this component is more critical and
removal of it could result in severer negative effects.Thus, this
component needs more protection.

4. Overall Ability of Networks for
DG Integration

In the field of complex networks, it has been widely acknowl-
edged that the performance and vulnerabilities of networked
infrastructures are tightly related to the original topology
and structure. Furthermore, in analyzing performance and
security issues for power grids, topology and extended
structural factors, such as positions of generation and load
buses, capacities of transmission lines, and contributions
of all paths in power transmission have been taken into
account. However, up to now, few research works have
considered DGs in terms of their positions and capacities as
structural factors and evaluated their possible contributions
in improving network performance and security. This is the
original motivation to propose PSA.

However, it is important to point out that such improve-
ments are from bidirectional interactions between the orig-
inal networks and the integrated DGs. Therefore, the final
effects may depend not only on the features of DGs, but
also on some inherent features of the original networks. In
these inherent features, topology and structural factors of
the original networks are very important. Therefore, there
should be two different perspectives to consider the issues
about integration ofDGswith distribution networks.Thefirst
perspective is at a local level and from individual viewpoint
of DGs to discuss possible optimal deployment and operation
of DGs with structural factors as given conditions. The
second perspective should be at a global level and from
overall viewpoint of original networks to discuss the inherent
potential abilities of networks about how their performance
and security can be improved by penetration of DGs. That
is to say, with the same extents of DG penetration, the
extents of improvement for different distribution networks

may be different due to their inherent characteristics, such
as topology and structure. Up to now, most existent works
related toDGswere from the first perspective; fewworkswere
from the second perspective or even aware of its existence.
In this paper, we will propose methodologies based on PSA
to evaluate and compare this inherent potential of networks
from the second perspective.

The inherent potential abilities of networks for improve-
ment by DG penetration are related to two aspects, that is,
network performance and security.The first issue is to discuss
how the network static performance can be improved by
same extent of DG penetration.The second issue is to discuss
how the vulnerabilities of the networks can be reduced by
penetration of DGs.

For the first issue, to make overall evaluation, two
networks can be considered, the original network 𝑌 and a
modified network 𝑌 + 𝑇. In 𝑌 + 𝑇, we suppose all buses of𝑌 are connected to DGs with same power supply factor and
capacity; then the variance of PSA before and after adding
these DGs could be used to evaluate the original system
structure for its inherent ability to be improved by DGs.

Alternatively, we may suppose a unique DG with given
power supply factor and capacity is connected to each bus
of 𝑌 in turn; the increase of PSA corresponding to each bus
could be used to evaluate which one may be the best location
to install a DG. But, furthermore, we may also calculate the
average value of increase in PSA for all buses to make overall
evaluation for inherent ability of the network.

Both methods can be applied jointly to indicate the
inherent ability of the network.The former one ismainly from
an overall and accumulated point of view; the second one is
mainly from an average point of view.

For the second issue, the vulnerability of the original
network can be characterized by the relative drop of PSA
calculated by (11); then the vulnerability of network 𝑌 can be
defined as

VUL (𝑌) = max
𝑙∈𝐿
{PSA (𝑌) − PSA (𝑌 − 𝑙)

PSA (𝑌) } . (12)

The most critical line 𝑙𝑚 can be identified as correspond-
ing to the maximum PSA drop in (12). Similar to the former
ideas, DGs with same power supply factor and capacity can
be added to all buses of network 𝑌, which can be indicated
as 𝑌 + 𝑇. In 𝑌 + 𝑇, we can also calculate its maximum drop
of PSA by (12). So this variance of PSA drop can reflect the
original overall ability of the network to be improved for its
security by adding DGs.

To give more detailed information, the adding of DGs
can be performed according to the importance sequence of
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Figure 2: Ranking of branch in UKGDS 86.

buses step by step. The importance sequence is the sequence
from larger to smaller PSA for different (𝑌 + 𝐷𝐺𝑖). This may
give direct expression of impacts from DGs on security for
different locations.

For given networks, these methods can jointly evaluate
and discover their difference in potential abilities to be
improved by DG penetration. This can help analysis and
decisions in overall planning and investment related to DG
penetration. Possible application of these methods is that
when limited resources of DG are given, if one distribution
network needs to be selected from two or several candidate
networks to install these DG resources, these methods can
help to determine which one is the best choice according
to their original structure features. And, furthermore, this
also can help to identify structural bottlenecks of distribution
networks in DG development.

5. Case Study

In this section, the PSA is applied to the IEEE-33-bus system
and a real distribution network UKGDS 86. UKGDS 86
initially is tested without DGs and it will be assessed to com-
pare and analyze corresponding power supply performance
through PSA.The initial PSA for UKGDS 86 without DGs is
calculated as

PSA (UKGDS 86) = 57.1253. (13)

When removing one branch from UKGDS 86, perfor-
mance of power supply could be evaluated through PSA(𝑌 −1) metric and relative drop ΔPSA could be used to rank the
critical lines.

As in Table 1, once a branch is removed, it could result in
decreases in PSA. For better visual effect, rankings are shown
in Figure 2.

The red numbers in red circles represent five branches
which would result in significant PSA drops once removed
and need more protection. As is shown, these branches
mainly occur close to power station. It seems that branches
near power station play significant roles in power supply;
removal of them would influence performance of the whole

Table 1: Critical branches rankings in UKGDS 86.

PSAinitial(𝑌) = 57.1253ΔPSA (𝑌) = PSA (𝑌) − PSA (𝑌 − 1)
PSA (𝑌)

Rank Branch PSA ΔPSA
1 2-4 14.426 0.747467
2 2-3 17.125 0.70022
3 2-13 17.144 0.699888
4 4-5 17.385 0.695669
5 3-4 17.572 0.692395
6 2-14 17.977 0.685306
7 13-15 18.193 0.681525
8 15-14 18.193 0.681525
9 4-8 18.589 0.674593
10 8-9 18.589 0.674593
11 4-6 18.72 0.672299
12 9-10 19.103 0.665595
13 6-7 19.32 0.661796
14 10-11 19.531 0.658102
15 10-12 19.57 0.65742
16 15-16 19.724 0.654724

systemmore severely and needmore protection for grid secu-
rity. Branches in blue, which are relevantly away from power
station and near loads, will cause less negative consequences
when they are removed.

When adding same DGs to each bus, which means there
are now totally 16 DGs in network, PSA value of this new grid
increases to 62.721. Similar to above analysis, branches of this
grid are ranked and labeled as in Figure 3.

As is shown in Figure 3 comparing with former con-
ventional network without DGs, removal of branches results
in similar rankings. Only branch 2-3 and branch 4-5 have
exchanged ranks, which are labeled in Figure 3, but they
still keep top five as former. So installation of DGs can
improve power supply performance of the network but does
not change the protection properties of branches too much.



Complexity 7

OLTC

GSP

1
2

3
4

5

6

7

8

9
10

11
12

13

14

15
VR

16

2
5

4

1

3

6

7

8

9
10

11

12

13

14

15

16

4 2

∼

Figure 3: Ranking of branch in UKGDS 86 with DGs.
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Branches near power distribution station still need more
attention for security.

To quantitatively identify which buses are best sites for
installation of DG, one DG can be installed on each bus
in turn and the corresponding increase of PSA is shown in
Figure 4.

It shows that bus 4 is the best location for locating DG
and bus 12 is the relevantly worst. Based on this, the first
DG should be suggested to be located on bus 4 and then
the second one will be added at bus 5. Through considering
overall performance, bus 12 with worst PSA = 57.19 will be
lastly planned to add a DG.

Based on the order in Figure 4, DGs are added one by
one for further observation of DG influence. As is shown,
initially there is no DG; based on orders in Figure 3, the first
DG will be added to bus 4 and then add the second DG at
bus 5. AddDGs one by one under above suggestion order and
record relative PSA drops (ΔPSA) of (12) during DG addition
procedure.

From Figures 2 and 3, branch 2-4 is the most critical line
and needs the most protection. Thus, this branch is selected
in Figure 5 to observeΔPSAs under different number of DGs.

Figure 5 shows that, with increases of DGs, they generally
decrease ΔPSA; in other words, addition of local power sup-
plies could improve power grids performance and decrease
the vulnerability of critical lines. At the beginning, the curve
is steeper and indicates that the adding of DGs at beginning
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Relative PSA drops for branch 2-4

Figure 5: ΔPSA of branch 2-4 with different DGs.

could obviously reduce system vulnerabilities. However, at
the end of the curve, it becomes flat and indicates that the
effect of adding DGs becomes weak step by step.

Furthermore, an ideal small-scale generation with power
supply factor of 1 is utilized to test IEEE-33-bus system
and compare with analytical methods reported earlier [34]
through considering improvement of voltage profile and
reduction of losses.

In Figure 6, the 𝑦-axis of ranking represents the per-
formance of DG installation, the minimum number means
best performance, and the largest number means the worst
performance. For instance, in purple line, when DG location
is 5, its priority ranking is 1 and it means that installing DG
to bus location 5 will improve performance most.

There are three lines in Figure 6, the blue line is the
ranking results from PSA metric in this paper, which is
based on structural analysis. While voltage stability index
and Exhaustive Load Flow Method (ELF) [34–36] are based
on detailed power flow calculations, involving detailed load
voltages, generator voltages, and load currents. These meth-
ods consider that addition of DGs may increase real power
flow back to system and then cause voltage rise or may
increase reactive power follow into feeder and then cause
voltage to fall [34–36]. Thus, reduction of losses, which is
aimed at minimizing total power losses and improvement of
voltage stability, is the main purpose for these methods to
consider DG optimum location. To some extent, methods
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Figure 6: PSAs for installing DGs at different buses.

based on states pay more attention to economy and quality
while PSA method based on structural analysis focuses on
overall performance and security.

In other words, analyses based on operating states could
not consider all possible system operative states through
calculating and they mostly focus on economy through
limited situations. However, security analysis should pay
attention to emergencies such as intentional attacks, which
are not the common conditions. Thus, safety analysis and
above economic analysis have contradictions.

Since analyzing aspects of three methods are different,
there are variances of rankings in Figure 6. However, there
are still some installation locations with relevantly smaller
priority variances. For these locations, they contain both
aspects of security and aspects of economy and quality, which
are more meaningful.

In Figure 7, bus locations 25, 5, and 26 have high rankings
from perspectives of economy, quality, and security, which
should be firstly suggested to install DGs while bus locations
13, 14, and 21 have low performance from three perspectives
and may not be recommended to add DGs. There are also
inconsistent locations such as bus locations 6, 9, 10, and 28.
That means evaluation by limited operational states cannot
identify possible problems in security analysis which is the
contribution of the measure from this paper.

6. Conclusions

Structural analysis based on complex network theory has
been considered promising for analyzing security issues
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of power grids. However, the meaning of “structure” has
normally been limited to topological connections or some
related physical features of networks. In fact, in broad sense,
some static physical features of related components may also
have tight relation with network performance, such as capac-
ities, effective supply area, or intermittency of generators.
Many effective metrics of complex networks are based on
statistic evaluation. And these static physical features can also
provide great valuable information from statistic perspective.
Therefore, it is inevitable that thesemore static features would
be integrated with network structures when the targeted
issues are more specific and professional.

At the same time, with fast development of smart grid
technology, modern power distribution networks with more
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DGs and BESS have taken on more challenges in operation
and security issues. By consideration of some specific defects
of former metrics for distribution networks and DGs, it is
necessary to update related methodologies by some further
important and special features to extend the meaning of
structural analysis. This paper proposed a dedicated metric
named as Power-Supply-Ability for power distribution net-
works based on net-ability which was formerly applied to
power transmission networks. Three defects of net-ability
applying to distribution networks with DGs are identified.
Based on solutions to these defects, the net-ability is updated
and refined as Power-Supply-Ability for distribution net-
works. Furthermore, it is pointed out that it is an inher-
ent ability depending on the original network structure to
improve its performance and security by same extent of DG
penetration. Through case studies, this method has been
proved to be effective in identifying potential structural vul-
nerabilities of distribution networks. Furthermore, it can help
in site allocation for DGs and complementing other methods
which are only based on limited analysis of states.The analysis
and judgment for DG plan and operation should consider
perspectives of economy, quality, and security. This metric
can help to construct a more comprehensive methodology.
In the future, this method will try to be applied to real world
systems in decision of DG allocation for further development
and analysis.
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