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a  b  s  t  r  a  c  t

The  smart  grid  of the  future  may  equip  customers  with  distributed  generation  and  storage  systems  that
can  change  their  overall  demand  behavior.  Indeed,  the smart  grid’s  infrastructure  provides  new  oppor-
tunities  for the  grid  and its customers  to exchange  information  regarding  real-time  electricity  rates
and  demand  profiles.  Here  we  report on innovative  agent-based  modeling  and  simulation  of a  smart
grid  where  active  customers  are  modeled  as self-interested,  autonomous  agents  with  their own  spe-
cific  load  profiles  and  generation/storage  capacities.  They  may  choose  to  use  locally  generated  power,
charge/discharge  their  batteries,  and  manipulate  their  loads.  A  unique  scenario  for  the  customers  ana-
lyzed for this  paper  is one  in  which  customers  are  allowed  to  trade  electricity  within  their neighborhood
in  order  to minimize  their  electricity  costs.  Meanwhile,  the  grid  prefers  an  overall  uniform  demand  from
all  customers.  To achieve  this, we  propose  an  effective  demand  flattening  management  scheme  for  the
customers.  A  model  of  the active  customers  within  the  smart  grid  environment  is used to  determine  the
impact  of  the  neighborhood  power  transactions,  demand  diversity,  and  load  shifting  on the customers
and  the  utility.  A number  of case  studies  and  sensitivity  analyses  have  determined  how  and  to  what
extent  these  parameters  affect  customer  electricity  costs  and  power  system  metrics.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The electric power system is a stochastic, dynamic, and large-
scale infrastructure generating electricity and accommodating
different types of customers connected together through power
lines. It is believed that the interconnected electric power grid of
North America is one of the largest and most complex man-made
machines ever built [1]. Therefore, today, a large number of tasks
related to the power system, from design and planning to operation
and control, cannot be accomplished without the aid of computer
software and simulation-based modeling.

Recently, incorporation of new developments in data
processing, system control, and communications has shifted
the conventional power system toward the “smart grid” where the
individual elements of a power system interact and make rational
decisions in a distributed manner. This shift toward a smart grid
provides an opportunity for the power system to operate more
automatically with many decisions made locally rather than
centrally, thus enabling better adaptivity and customization.
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The discipline of multiagent systems (MASs) appears to be a
promising approach to modeling such a complex system [2–20].
In general, MAS  is a system of autonomous agents that interact
with the environment and each other. In this paper, we describe
a simulation approach to developing an MAS  model of the active
customer agents which can interact and make decisions within a
smart grid environment. MAS-based modeling is scalable and has
the ability to model stochastic and dynamic interactions among
agents [21].

Multiagent systems have been used in various areas of the smart
grid, including electric vehicles [2,4], load and energy management
[5–10], distributed generation and storage [11–14], electricity mar-
ket [15,17], and other applications [18–20]. For example, Rose et al.
[5] presented a new rule-based scoring mechanism that rewards
agents based on their demand estimation; but the smart grid cus-
tomers are not allowed to adjust their loads at different hours and
to make higher profits. Xu and colleagues [6,7] have discussed post-
fault conditions where it is necessary to restore the out-of-service
customers as fast as possible. They used an MAS  approach from the
grid’s perspective toward load restoration and load shedding for an
adaptive system.

Of particular interest is that smart grid customers can no longer
be modeled as passive loads with limited controllability given
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today’s advances in smart grids and their capabilities. First, new
customers’ facilities may  be equipped with distributed genera-
tion and storage systems, enabling the customers to supply part
of their loads, store electricity for the future, and sell excess gener-
ation to the grid, all of which change the overall demand behavior
from the grid’s perspective. Second, a smart grid alters the way an
electrical utility deals with its customers. In fact, the infrastruc-
ture of a smart grid provides new opportunities for the utility and
customers to exchange information about electricity rates and elec-
tricity demand profiles. Different demand response methods have
been proposed that benefit both the utility and its customers [22].

There have been several research projects on modeling smart
grid customers and demand side management (DSM), most of
which do not consider the active aspects of the customers in
the system. Ramchurn et al. [8] modeled two general types of
fixed and time-shiftable loads using a decentralized DSM approach
to reducing the peak demands of consumers as well as carbon
emissions. However, the Ramchurn model does not consider the
customers’ ability to own a distributed power generation and elec-
tricity storage system. The authors in [10] propose an efficient load
management system in an electricity grid with both renewable gen-
eration and conventional power suppliers. However, customers are
not able to generate or sell back electricity or to cooperate in reduc-
ing their electricity costs. Vytelingum et al. [11] propose a game
theory approach to efficiently managing distributed electricity
storage systems. This study shows how gradually adapting a charg-
ing strategy can lead to less fluctuations in electricity rates. Once
again, customers do not have the autonomy to modify their demand
based on the price signal. Finally, in [19] and [20], agent-based
models of microgrids were proposed. In these studies, however,
customers are modeled as electricity consumers whose ability to
make autonomous decisions has not been taken into account. For
the most part, these works look at the overall system without mod-
eling the customers in detail.

It is critical to model a smart grid from the customers’ perspec-
tive and then capture the consequences of their decisions on the
system. We  began with a basic MAS  model that was previously
proposed for investigating the performance of smart homes in a
power system in [23]. This paper describes a major development
by supporting customer agent communication and cooperation
within a neighborhood for the purpose of electricity trading. The
recently updated model includes industrial, commercial, and resi-
dential customer sectors with their specific demand characteristics.
In addition, a new DSM method has been developed for cus-
tomer electricity management as customers try to minimize their
electricity costs. This method supports neighborhood power trans-
actions and tries to alleviate the peak load through load shifting
while avoiding load curtailment by efficient use of the storage sys-
tem.

A number of case studies are presented and analyzed to deter-
mine the impact of smart grid features, such as neighborhood
electricity trading, load shifting, load diversity, and percent-
age of distributed energy resource (DER) owners, on smart grid
performance metrics defined from the perspective of both the cus-
tomers and the electric utility. The impact of the customer agents’
autonomous decisions on the smart grid are studied using sensitiv-
ity analyses which results in determining some critical variables,
such as the DER capacity that leads to the minimum electricity cost
for a specific customer.

The remainder of the paper is organized as follows. Section 2
introduces the smart grid modeled in this paper. Section 3 describes
the design strategy of the MAS  including agent diversity and other
characteristics of the simulated environment. System evaluation
metrics and study case parameters are provided in Sections 4 and 5,
respectively. These sections are followed by the simulation results,
discussion, and conclusions.

Fig. 1. Main components of the smart grid on the demand side with three customer
sectors.

2. Smart grid concepts and components

The smart grid modeled is comprised of two main entities: cus-
tomers and the electric utility. In addition, other components and
concepts necessary to a detailed smart grid model include a renew-
able generation and battery system (denoted by DER  in this paper)
and neighborhood awareness and electricity trade, which are dis-
cussed in this section. The main idea is to incorporate the impact
of neighborhood customers into the power system. Briefly, agents
within a defined geographical distance are assigned to be neigh-
bors with certain properties. A schematic of the model components
is shown in Fig. 1 where bidirectional electricity flow is randomly
sketched among the customers as an example. Each customer agent
is capable of communicating and trading electricity both with the
grid and within its neighborhood. In Fig. 1, the electric connections
to the grid are represented with a single arrow, for simplicity. The
components of the model are introduced as follows.

2.1. Electricity customers

Electricity customers are the key to our model. Customers can
affect the smart grid by their local independent decisions. Three
types of customer sectors are considered in this paper: residen-
tial, commercial, and industrial. Each customer sector has its own
average load profile for a 24-hour period. In our model, the average
demand of a load category at each hour of the day is put into the
model and used to calculate the expected load of the corresponding
customers during that hour. The loads are assumed to be normally
distributed. Each customer may  own  a distributed power genera-
tion and electricity storage system. In addition, based on their load
profiles, each customer has a demand that needs to be met  by its
internal resources or by purchasing the required power.

In each time step, say one hour, each customer is aware of its
current demand and receives data on renewable generation, avail-
able battery capacity, and electricity rates. Customers are able to
communicate with the grid and their neighbors as well. Based on
the communication within the neighborhood, each customer may
declare its shortage/excess of power for that hour. Then, using its
demand side management program, the customer decides to take
one or more of the following actions for that hour: (1) completely
satisfy or shift part of the load, (2) buy electricity from the grid
and/or the neighbors, (3) charge or discharge electricity in the bat-
tery storage system, or (4) sell the excess electricity generated to
the grid or the neighbors and/or store it.
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