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Abstract—In regions with deregulated electricity markets,
energy utilities forecast and purchase the energy demand of
their power consumers from wholesale electricity markets. To
promote transparency for consumers, time-varying tariffs are
implemented by energy utilities so as to notify the consumers
about the true cost of their power consumptions. As a result,
demand response programs are developed to help the flexible
loads in lowering their electricity costs, and to help the power
grid in lowering peak of power consumption and wholesale
price of electricity. However, demand response programs are
not capable of unlocking the full potential of flexible loads in
responding to the circumstances of the power grid. That is
because, proliferating distributed energy resources cause rapid
fluctuations in the power consumptions of distribution systems,
which are not reflected in five-minute updates of wholesale prices.
Therefore, these fluctuations cannot be compensated for by the
reaction of the flexible loads. To address this shortcoming, the
transactive energy is emerging as a new paradigm, which includes
a power distribution market that runs on a moment-to-moment
basis and enables real time transactions of energy between power
consumers. In this paper, the transactive energy framework is
compared to the demand response framework in cutting the
wholesale electricity price. Using the IEEE 9-bus system as
a power transmission system and the IEEE 33-bus system as
a power distribution system, it is numerically shown that the
transactive energy framework comes with a 240% advantage over
the demand response framework in reducing wholesale price of
electricity.
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I. INTRODUCTION

In regions with deregulated electricity markets, energy

utilities forecast power consumptions of the electric loads

within their power distribution systems hours or minutes in

advance of the operating time of the power grid, and procure

their energy demands from wholesale electricity markets. In

a wholesale market, the most economical power dispatch in

supplying energy demands of distribution systems is obtained

by solving an optimization problem known as Economic

Dispatch problem [1]. Along with determining the lowest-cost

power dispatch, the price of electricity at all nodes of the

power transmission system is derived as a byproduct of the

Economic Dispatch problem [2, page 371].

The energy utilities charge the power consumers according

to an electricity tariff [3]. To promote transparency for con-

sumers, time-varying pricing methods have been designed and

implemented by energy utilities [4]. In such pricing tariffs, the

price of energy for consumers varies in accordance with the

price of electricity in the wholesale market so as to notify the

consumers about the true cost of their power consumptions

[5]. As a result, demand response programs [6] are developed

to help the flexible loads in lowering their electricity costs by

adjusting their power consumptions according to the price of

electricity. Since the peak of electricity price usually coincides

with the peak of power consumption [5], the demand response

programs also help in lowering the peak of power consumption

and the wholesale price of electricity.
To some extent, demand response is effective in accomplish-

ing the above objectives, however is not capable of unlocking

the full potential of flexible loads in responding to the cir-

cumstances of the power grid. That is because, proliferating

distributed energy resources cause rapid fluctuations in the

power consumptions of distribution systems [7], which are

not reflected in five-minute updates of wholesale price of

electricity, and consequently cannot be compensated for by the

flexible loads’ reactions. To address this shortcoming, there is

a need for an energy market that runs on a moment-to-moment

basis [8] and enables the reaction of flexible loads to instan-

taneous changes in circumstances of the power grid. Also,

such energy market should run at the power distribution level

in contrast to wholesale market that runs at the transmission

level, to enable peer-to-peer energy exchanges between power

consumers in power distribution systems [8].
Transactive energy and distribution energy markets [9] are

emerging paradigms with the above potentials. Transactive

energy is defined in [10] as “techniques for managing the

generation, consumption, or flow of electric power within an

electric power system through the use of economic or market-

based constructs while considering grid reliability constraints”.

Several major benefits are envisioned for the transactive energy

and distribution market paradaims, including decrease of the

energy import from the transmission system to the distribu-

tion systems, enhancing reliability of the distribution systems

against distribution lines’ congestions, reducing power losses

and lowering energy prices [5].
Among all the benefits enumerated above, this paper focuses

on the last benefit, and studies the impact of transactive

energy on the wholesale price of electricity. To the best of

our knowledge, this paper is the first to compare the impact

of the transactive energy framework with that of the demand

response framework in cutting the wholesale electricity price.

The contributions of the paper can be summarized as follows:

• A set of price bids for flexible loads are derived, which

result in non-negative profits for the flexible loads that
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participate in distribution markets.

• Using numerical simulations, it is shown that the transac-

tive energy framework comes with 240% advantage over

demand response framework in cutting wholesale price

of electricity.

• In contrast to most demand response studies that consider

demand response providers as price-takers [5], the pro-

posed analysis takes into account the impact of demand

response on the wholesale price of electricity.

In our analysis we use the transactive energy and distribu-

tion market framework proposed in [11], which has several

key advantages compared to the other frameworks. Specially,

the framework in [11] considers the power flow equations in

exchanges of energy between the distribution market partici-

pants, determines the real time value of energy in distribution

markets, and proposes a distribution market that runs on a

moment-to-moment basis. These key features are missing in

other transactive energy frameworks. For instance, neither the

power flow equations nor the real time value of transactive

energy is considered in the framework proposed in [12]. Also,

the distribution market that is proposed in [13] runs only

every five minutes and doesn’t support real time exchanges

of energy.

The rest of this paper is organized as follows: The system

model is described in Section II. The power distribution

markets are discussed in Section III. Numerical simulations

are provided in Section IV. Finally, the paper is concluded in

Section V.

II. SYSTEM MODEL

This sections describes the system model used in the

analysis, including the wholesale electricity market, power

distribution systems and flexible loads.

A. Wholesale Electricity Markets

In a power transmission system, bulk power generators

and bulk power consumers participate in wholesale electricity

markets to sell and purchase energy, respectively. The bulk

power consumers are power distribution systems that purchase

energy from wholesale markets to supply energy demand of

consumers within their territories. On the other hand, the

bulk power generators are power plants with the capability

of following dispatch instructions supplied by Independent

System Operator. Each generator submits a cost function to

the wholesale market, to indicate how much it charges for

producing energy.
In the Real-Time wholesale market which runs every five

minutes [14, page 2], an optimization problem known as

Economic Dispatch is solved by the Independent System

Operator which minimizes the total cost of energy production

in meeting power consumers’ energy demands [1]. Beside the

power dispatch, the price of electricity at all nodes of the

transmission grid are determined as a byproduct of solving

Economic Dispatch problem. In the power transmission sys-

tem, since the real and reactive power flow can be mathe-

matically decoupled [15] power-flows in transmission lines

follow a linear relationship with phase angles at the terminals

of the transmission lines. Accordingly, the Economic Dispatch

problems is formulated as a linear optimization problem [16]

that can be solved using linear programming software [17].

B. Power Distribution Systems

A power distribution system draws power from the power

transmission system and distributes it among consumers. The

distribution system is operated by an energy utility which

meters the power consumption of consumers within its ter-

ritory, and purchases the demanded power from the wholesale

markets. The energy utility charges its consumers according

to an electricity tariff that specifies the price of electricity for

the consumers over the time [3]. The electricity price set by

the electricity tariff is usually higher than the wholesale price,

to compensate the energy utility for reliability and insurance

services [18]. However, to simplify the analysis in this paper,

we assume that the price of electricity set by the tariff is same

as the price of electricity at the wholesale market [19], [20].

C. Consumers with Behind-the-Meter Renewable Generators

Power consumers in a power distribution system may install

behind-the-meter renewable generators, e.g. wind turbines and

solar panels, to reduce their power draw from the distribution

system. Several advantages come with utilizing these renew-

able generators. For instance, renewable generators help in

lowering the consumers’ electricity bills and increasing their

resiliency against failures of the distribution system. A power

consumer with a renewable generator could be a residential

building, an industrial company or even a micro-grid that

operates in the grid-connected mode [21].

Renewable generators are not dispatchable, i.e. they don’t

follow power dispatch instructions. Rather, the amount of

power generated from renewable generators fluctuates over

the time in an unpredictable way [22]. The fluctuations in the

amount of energy from renewable generators result in inter-

mittency in the consumers’ power draw from the power grid.

These intermittencies disturb the operation of the power grid

specially at higher levels of renewable energy penetration to

the grid. For instance, in a region with widespread solar farm

installations the power draw from the distribution grid surges

when a sunny sky turns to a cloudy one. Such power surges

in distribution systems come with several negative impacts on

the operation of the transmission system, including shortage

of scarce reserve generations and congestion of transmission

lines.

D. Participation of Flexible Loads in Demand Response

Demand Response is a framework to mitigate the negative

impacts of renewable energy production in power grids. In this

framework, the power consumptions of power consumers with

flexible loads are adjusted according to the circumstances of

the power grid. Namely, when a lack of energy succeeding

a shortage of renewable energy occurs in the power grid, the

power consumptions of flexible loads are lowered to retain

a balance between power generation and consumption in the

power grid. The flexible loads that respond to the power grid
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Fig. 1: The system model used in the simulations. The transmission system in the left hand side of figure is the IEEE 9-Bus system. The power network and
parameters of the power distribution systems connected to node 7 of the transmission system are set according to the IEEE 33-Bus system.

circumstances in a demand response framework are referred

to as demand response providers. In the demand response

framework, the adjustment of flexible loads can be performed

by two different mechanisms: direct load control and price

responsiveness.

In the direct load control mechanism, the control of flexible

loads are granted to a central agent that adjusts operation of

the flexible loads according to the circumstances of the power

grid and operational requirements set by the loads’ owners.

However, direct load control mechanism comes with security

and privacy issues, as the consumers’ consumption patterns

are revealed to the central agent [23]. Another mechanism for

adjusting the flexible loads’ consumptions is price responsive-

ness, which is free of the above security and privacy issues.

In price responsiveness, the power consumers with flexible

loads adjust their power consumptions according to the price

of electricity at the Real-Time wholesale market so as to

maximize their profit, i.e. their utilities minus their electricity

costs.

A flexible load’s utility function U is a non-decreasing and

concave function of the flexible load’s power consumption.

Taking the wholesale price of electricity as a variable denoted

by ω, the flexible load’s response to the electricity price is

obtained from the following profit maximization problem:

p∗ , argmax U(p)− ωp, (1)

where p denotes the flexible load’s power draw from the

distribution system, and p⋆ denotes the flexible load’s optimal

power draw. From equation (1), the power consumption of the

flexible load can be derived as a function of the wholesale

price resulting in the following demand-price function:

p∗ = F (ω) (2)

The demand-price function in (2) can be a linear, a logarithmic,

or a polynomial function [24].

III. DISTRIBUTION SYSTEMS’ ENERGY MARKET

The proposed distribution market in [11] enables power

consumers in a distribution system to exchange energy without

intruding operation of energy utilities. This distribution market

gives the flexible loads an ability to react to changes in

circumstances of the power grid in real time operation of

the grid, rather than waiting for wholesale price updates

which occur only once in every five minutes [14, page 2].

The real time adjustment of flexible loads reduces the surges

in power demands of distribution systems, thereby reducing

wholesale price of electricity. Such a cut in the wholesale

price of electricity is the primary incentive that makes power

consumers to aim at procuring their energy demands from dis-

tribution markets rather than purchasing from energy utilities.

The transactive energy and the distribution market are fully

discussed in [11]. Sections III-A and III-B provide a summary

of the discussions in [11] as are relevant to this study.

A. Power Flow Equations

Without loss of generality this section focuses on a single

power distribution system among all the power distributions

that are drawing power from the transmission system. The

flows of real and reactive power in the power distribution lines

are according to the following power flow equations:

Pk=
∑N

j=1
VkVj

(

Gkjcos(θk−θj)+Bkjsin(θk−θj)
)

∀k, (3)

Qk=
∑N

j=1
VkVj

(

Gkjsin(θk−θj)−Bkjcos(θk−θj)
)

∀k, (4)

where N is the number of buses in the power distribution

system, and Vk, θk, Pk and Qk, are voltage magnitude, phase

angle, real power injection and reactive power injection at bus

k, respectively. Also, Gkj and Bkj are negative of conductance

and susceptance of the distribution line k-j. Each bus of the

power distribution system can be of three types: The buses

with electric loads are P-Q buses, the voltage regulated buses

are P-V buses and a single reference bus is selected as the

slack bus. Depending on the type of a bus, the voltage and

power injection at the bus can be either known parameters or

unknown variables. Namely, for a P-Q bus the real and reactive

power injections to the bus are known parameters whereas

voltage magnitude and phase angle at the bus are unknown

variables. For a P-V bus, the voltage magnitude of the bus

and real power injection to the bus are known parameters,
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whereas phase angle and reactive power injection to the bus

are unknown variables. For the single bus that servers as

the slack bus, voltage magnitude and phase angle are known

parameters, whereas real and reactive power injections to the

bus are unknown variables. Accordingly, we have:

Vk = Vk,nominal ∀k ∈ P-V and Slack Bus, (5)

θk = θk,nominal ∃k = Slack Bus. (6)

The equations (3) and (4) corresponding to P-Q buses, equa-

tions (3) and (5) corresponding to P-V buses, and equations (5)

and (6) corresponding to the slack bus make up the power flow

problem. The power flow problem is solved by Distribution

System Operator to derive the state of power distribution

system, including the voltage values and power injections

at various buses of the distribution system. The power flow

problem is a non-linear system of equations and can be solved

using Newton-Raphson method [25, Section 7.1].

B. Participation of Power Consumers in Distribution Markets

The power consumers of the distribution system can partici-

pate in the distribution market to either sell or purchase energy.

The amount of transacted energy at bus k of the distribution

system is specified in terms of additional real power injection

∆Pk to bus k [11]. A positive ∆Pk indicates that the power

consumer at bus k sells ∆Pk power to the distribution market

by reducing ∆Pk power from its power consumption. In the

other hand, a negative ∆Pk indicates that the power consumer

at bus k purchases ∆Pk power from the distribution market,

and is granted the right to increase its power consumption

by an amount of −∆Pk. In contrast to the wholesale market

that runs every five minutes, the distribution market runs every

few milliseconds. Since the length of each transaction cycle

is short, the amount of energy that a power consumer can sell

or purchase in the distribution market is upper bounded by

∆PmaxT :

|∆Pk| ≤ ∆Pmax ∀k, (7)

where T denotes the length of the transaction cycles. A

nominal value for ∆Pmax is ∆Pmax = 0.001.

Each power consumer participating in the distribution mar-

ket submits a price bid to the market. The price bid of the

consumer at bus k is denoted by Bidk. The power consumer

at bus k submits a positive price bid to the market, if the

consumer aims at selling energy to the market. In that case,

Bidk indicates the minimum per MW payment that the power

consumer asks for selling ∆Pk power to the distribution

market. In the other hand, the power consumer at bus k submits

a negative price bid to the market, if the consumer aims at

purchasing energy from the market. In that case, Bidk indicates

the highest per MW payment that the consumer may pay to

purchase energy from the distribution market.

The distribution system operator collects all the bids from

the distribution market participants and clears the market. In

clearing the market, the distribution system operator seeks to

maximize social welfare among market participants, consid-

ering the physical constraints in operation of the distribution

system; see [11] for details. The formulated social welfare

maximization problem is a linear optimization problem that

can be solved using a linear programming solver. The loca-

tional marginal prices of energy at all buses of the power dis-

tribution system, i.e. D-LMPs, are determined as a byproduct

of solving the social welfare maximization problem; see [11].

The next section derives the price bids that the flexible loads

submit to the distribution market.

C. Flexible Loads’ Price Bids in the Distribution Markets

Every five minutes when the price of electricity at the

wholesale market is updated, the flexible loads adjust their

power draw from the distribution system according to equation

(2). After that, the flexible loads participate in the distribution

market to sell a portion of the energy that they are drawing

from energy utility. Consider a time interval between two

successive runs of the wholesale market. Let ω denote the

wholesale price of electricity in this time interval. Also, let

Fk(·) denote the demand-price function of the flexible load

at bus k, and let p∗k denote the response of the flexible load

at bus k to the wholesale price of electricity ω in the time

interval of interest. As the flexible load starts selling energy to

the distribution market, the flexible load’s power consumption

deviates from p∗k. Let p̃k denote the power consumption of the

flexible load at the beginning of a transaction cycle. From (1),

we have:

ω̃ = F−1

k (p̃k), (8)

where F−1

k (·) is the inverse function of Fk(·) and ω̃ is an

electricity price that if was practiced in wholesale market,

would result in the flexible load consuming p̃k amount of

power. Let Uk(p̃k) denote the utility function of the flexible

load at bus k. From equation (1) and using the theory of

optimization [26, Section 4.2.3], we have:

dUk(p̃k)

dp̃k
= ω̃ = F−1

k (p̃k). (9)

If the flexible load sells ∆p̃k power to the distribution

market, power consumption of the flexible load reduces by

∆p̃k, resulting in dUk(p̃k)/dp̃k ∆p̃k cut in the flexible load’s

utility. Furthermore, the electricity cost of the flexible load

charged by the energy utility is reduced by an amount of

∆p̃k ω. Therefore, in selling ∆p̃k power to the distribution

market, the flexible load losses the following profit:

Profit Loss = ∆p̃k
(dUk(p̃k)

dp̃k
− ω

)

= ∆p̃k
(

F−1

k (p̃k)− ω
)

,

(10)

where in the second equality equation (9) is used. To compen-

sate for the profit loss given in (10), the flexible load should

submit the following price bid to the distribution market:

Bidk = F−1

k (p̃k)− ω, (11)

requesting at least Bidk ∆p̃k payment from the distribution

market.

IV. CASE STUDY

In this section, the impact of transactive energy framework

and the demand response framework in cutting the wholesale

price of electricity is analyzed through numerical simulations.
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Fig. 2: The wholesale price of electricity in the scenario discussed in
Section IV-B, for the cases of transactive energy framework, demand response
framework and no-flexible-load framework.

A. Simulation Setup

The power transmission system used in the simulations is

the standard IEEE 9-bus system, see Fig. 1. The power load in

node 7 of the IEEE 9-bus system is replaced with 25 different

power distribution systems that are setup to draw power from

node 7 of the IEEE 9-bus system. The power network and

the parameters of each one of the power distribution systems

are set according to the IEEE standard 33-bus system. In

each distribution system, 25 percent of buses are randomly

selected as the buses with flexible loads, and the remaining

75 percent of the buses are set as the buses with inflexible

loads. The flexible loads’ demand-price functions are all set

as linear functions [24]. The Economic Dispatch problem in

the transmission system and the social welfare maximization

problem in the distribution systems are solved using CVX

[17] as the optimization modeling software and Gurobi [27] as

the linear programming solver. The simulations are performed

using a computer with a CPU @2.60 GHz and 16 GB RAM.

B. A Scenario of Renewable Energy Shortage

Consider a scenario where 10 percent of the inflexible

power loads in the power distribution systems are offset

by local solar farms operating behind-the-meters. The power

distribution systems are located close to each other and

therefore experience similar weather conditions. The sunny

sky in the region suddenly turns to a cloudy sky for a time

period of two minutes, diminishing the local solar power

generation over the 2-minute time interval. Consequently, the

power demand of the inflexible loads is increased by 10
percent over the aforementioned 2-minute time interval. In the

demand response framework, the inflexible loads draw their

additional power demand from the distribution systems and

make the aggregated power consumption of the distribution

systems to increase. The increase in the power consumptions

of the distribution systems results in an increase in wholesale

price of electricity. The flexible loads respond to the increase

in the wholesale price of electricity and lower their power

consumptions so as to maximize their profits. The decline

of flexible loads’ power consumptions reduces the aggregated

power consumption of the distribution systems, and results

in a wholesale price decrement in the next run of wholesale

market. The interaction between wholesale price of electricity

and flexible loads’ power consumptions continues until the

wholesale price converges to a steady value, see Fig. 2.

In the transactive energy framework, the inflexible loads

procure their energy demands from the distribution markets.

In each one of the power distribution systems, a separate

distribution market runs which enables energy transactions

between the flexible and inflexiable loads. The inflexible loads

start participating in the distribution markets by submitting

negative price bids with large absolute values to indicate

their urgent need for purchasing power. The inflexible loads

keep submitting negative price bids until their energy shortage

is overcome. In supplying the energy demands of inflexible

loads, the distribution market operators first dispatch the low-

priced energy offers before dispatching the high-priced ones.

The energy offers in the distribution markets are from the

transmission system with a price equal to the wholesale price,

and from the flexible loads with the prices given by (11).

It worth noting that, in the very first transaction cycles

following a wholesale price update the energy offers from

flexible loads are the ones that are dispatched first. That is

because, immediately after update of the wholesale price the

flexible loads adjust their power consumption according to

equation (2), and therefore submit small positive bids to the

distribution markets according to (11). As the flexible loads

keep selling energy in the subsequent transaction cycles, the

flexible loads draw less power from the distribution systems,

and consequently increase their price bids according to (11).

The energy transactions in the distribution markets terminate

when the inflexible loads purchase all their energy demands

from the distribution markets.

C. The Impact on the Wholesale Price of Electricity

Fig. 2 shows the impact of transactive energy and demand

response frameworks on the wholesale price of electricity in

the scenario discussed above. From Fig. 2, the wholesale price

of electricity in the transactive energy framework is much

more stable compared to the price of electricity in the demand

response framework. That is because, in the transactive energy

framework the energy exchanges in the distribution markets

enable flexible loads to adjust their power consumptions in

real time operation of the power grid. In contrast, in the

demand response framework the flexible loads are not updated

instantaneously about the changes in circumstances of the

power grid, and have to wait for the next run of the wholesale

markets to adjust their power consumptions. Also, from Fig. 2

the maximum cut in the price of electricity in the transactive

energy and demand response frameworks are 0.4637 $/MW

and 0.1932 $/MW, respectively. Therefore, the transactive

energy comes with 0.4637/0.1932 ≃ 240% advantage over

the demand response framework in cutting the wholesale

electricity price.
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We note that, in the simulated scenario of Section IV-B,

the power consumption of the inflexible loads increases over

a two-minute time interval starting on minute 9 and ending

on minute 11. In the demand response framework, the flexible

loads don’t react to the change in the circumstances of the

power grid until minute 10 when the wholesale price of

electricity is updated to 24.4 $/MW. After that, the flexible

loads react to this updated price of electricity and lower their

power consumptions substantially over the time interval from

minute 10 to minute 15. The shortage of renewable energy

ends on minute 11, making the inflexible loads to lower their

power draw from the grid by 10%. However, flexible loads

don’t react to this most recent change in the circumstances

of the power grid and keep consuming energy based on the

wholesale price of electricity at minute 10. Consequently, at

minute 15 although the inflexible loads consume energy at the

normal level the flexible loads underuse energy as a reaction to

the price of electricity at minute 10. Therefore, the aggregated

power consumption of the flexible and inflexible loads results

in a low price of electricity at minute 15.

In the transactive energy framework, the inflexible loads

compensate for the shortage of renewable energy by purchas-

ing energy from distribution markets where the flexible loads

offer energy for sale. Consequently, in the transactive energy

framework while the inflexible loads increase their power

consumptions the flexible loads lower their consumptions.

On account of such coordination between the flexible and

inflexible loads, the aggregated power consumption of the

distribution systems changes only slightly over the time in

the transactive energy framework, resulting in a stabilized

wholesale price of electricity.

V. CONCLUSION

Demand response programs are developed to help the power

consumers adjust their power consumptions according to the

price of electricity, and to help the power grid in lowering

peak of power consumption and the wholesale price. However,

these programs are not capable of unlocking the full potential

of flexible loads in responding to the circumstances of the

power grid. Transactive energy and distribution markets are

envisioned as emerging paradigms to address the above short-

coming. In this paper, a comparison between the transactive

energy and demand response frameworks in cutting wholesale

price of electricity is provided. Using the IEEE 9-bus system

as the transmission system and the IEEE 33-bus system as the

distribution system, it is numerically shown that the transactive

energy framework reduces the wholesale price of electricity

with a 240% advantage over the demand response framework.
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