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Hierarchical Scheduling of Aggregated TCL
Flexibility for Transactive Energy
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Abstract—This paper investigates a hierarchical approach
to the optimal scheduling of flexibility offered as transactive
energy by thermostatically controlled loads (TCLs). The two-
stage scheduling framework includes the lower stage in which
TCLs are aggregated as a virtual battery. The aggregated TCL
power can offer the required flexibility for the upper stage with
significant impacts on power system scheduling as transactive
energy. Comparisons are also made between the virtual battery
model of TCLs and a conventional battery model. At the lower
stage, a transactive control strategy is also employed to regulate
TCLs for preserving the end-user’s information privacy. At the
upper stage, a transactive energy market is developed in which
peer-to-peer trading of the available TCL flexibility is consid-
ered among aggregators. Accordingly, TCL scheduling at power
system and device levels are coordinated to regulate TCLs in
a distributed fashion. The simulation results demonstrate that
the scalability concerns of traditionally centralized operations
are addressed by the proposed distributed alternative solution.
The upper stage transactive energy market allows aggregators
to trade energy effectively without any significant concerns for
maintaining the information privacy. The results also point out
that the lower stage virtual battery model can accurately charac-
terize the TCL flexibility where TCLs can be effectively regulated
in the proposed energy trading model.

Index Terms—Transactive energy, thermostatically controlled
loads, flexibility, electricity markets.
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NOMENCLATURE

Sets and Indices

c, d Indices for charging and discharging
k Index for time slot
i(v), j Indices for aggregator (AGG) and TCL
t Index for time
g, G Indices for generator.

Parameter

Ca Equivalent thermal capacity (kJ/◦C)
COP Coefficient of performance for TCLs
Tout External temperature (◦C)
Prated Rated electric power of a TCL (kW)
R Equivalent thermal resistance (◦C/kW)
Tset Temperature set-point (◦C)
δ Temperature dead band width (◦C)
Tmin, Tmax Minimum and maximum internal temperature

of TCL (◦C)
κ , γ Coefficient of TCL virtual battery
α Coefficient of virtual battery for aggregated

TCLs
Pmin, Pmax Minimum and maximum charging/discharging

power of virtual battery for aggregated
TCLs (kW)

SOCmin, Minimum and maximum State of
SOCmax Charge (SOC) of virtual battery
n, Nk, Nagg Number of TCLs, time slots and aggregators,

respectively
ω1, ω2 Coefficients of bid price
a, b, c Coefficients of generator generation cost

function
div Equivalent electrical distance between aggrega-

tor i and v
h, l Parameters for Lagrangian multiplier update
Pc, Pd Maximum charging and discharging power of

conventional battery (MW)
ηc, ηd Charging and discharging efficiency of conven-

tional battery
o Capacity of conventional battery (MWh)
socmin Minimum and maximum state of charge of
socmax conventional battery
soc0 Initial state of charge of conventional battery.
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Variables

Tin Internal temperature (◦C)
S TCL status: S is 1 if TCL is on; otherwise, S

is 0
Pcont Electric power of continuous TCL power

model (kW)
Pbaseline Power baseline of TCL (kW)
Pcd Charging/discharging power of virtual battery

for individual TCL (kW)
x State of charge of virtual battery for individual

TCLs
�t Time slot duration (second)
SOC State of charge of the virtual battery model for

aggregated TCLs
P Charging/discharging power of the virtual bat-

tery for aggregated TCLs (kW)
Nt Number of total control signals
Nr Number of TCL enforced switching
Pdesired Desired power of TCLs (kW)
Pactual Actual power of TCLs (kW)
�P Power adjustment of TCLs (kW)
ρ1, ρ2 Bid price components
ρpid Bid price for the virtual battery ($/kW)
ρcl

pid Market clearing price ($/kW)
ρ Contract price of AGG ($/MW)
PG,i Power of generator owned by AGG i (MW)
Ppur,iSO Power purchased by AGG i from SO(MW)
Ppur,iv Power purchased by AGG i from AGG v (MW)
Psel,i Power sold by AGG i to other AGGs(MW)
Pbattery,i Charging/discharging power of virtual battery

owned by AGG i (MW)
Pload,i Load of AGG i (MW)
m Number of Lagrangian multiplier iterations
λ Lagrangian multiplier.

I. INTRODUCTION

THE VARIABILITY of distributed energy
resources (DER) can increase the power supply

deficiency and culminate in a critical condition as DER
proliferation continues to escalate in power systems [1].
Traditionally, thermal generators and energy storage devices
were employed to compensate such deficiencies [2]. However,
frequent power adjustments could increase the power system
operation cost and place additional stress on thermal power
generators as variability increases [3]. Thermostatically
controlled loads (TCLs), such as water heaters, refrigera-
tors, and air conditioning units, can serve as indispensable
demand response (DR) resources. They are progressively
utilized to address DER variability quickly, economically
and effectively [4]. TCLs possess thermal inertia and have
attracted additional attention to participate in power system
operations. However, TCL’s specific properties pose a key
challenge to effectively participate in the power system
scheduling and control.

First, it would be difficult to schedule TCLs individually as
their adjustable capacities are too small to have significant
impacts on power systems [5]. Also, the number of TCLs

could traditionally be very large, which would require sig-
nificant computation resources when TCLs are individually
scheduled. Accordingly, TCL aggregation is required for their
participation in power system operations. Meanwhile, TCLs
with thermal inertia act like batteries which provide various
grid services owing to their flexible charging and discharging
capabilities [6]. References [7] and [8] proposed a stochastic
battery model for representing the aggregated TCL flexibil-
ity with a concise collection of power signals. Reference [9]
developed a rough time-varying thermal energy storage model
to denote the aggregated TCL flexibility in which suboptimal
control trajectories were calculated. In [10], a leaky storage
unit was proposed to embody the aggregated flexibility of
TCLs in the optimization of multiservice portfolios. A gen-
eralized battery model that described flexibilities of TCLs and
conventional batteries for delivering power grid and end-use
services was presented in [11]. A virtual battery model of
HVAC was also studied in [12]. TCLs show great potentials in
terms of virtual energy storage which can replace conventional
batteries to serve the power grid. Nevertheless, differences
between the battery model of aggregated TCLs and conven-
tional batteries are seldom highlighted, which need to be
investigated further for the provision of TCLs and conventional
batteries in power system operations.

Second, widespread TCLs throughout a power network are
often regulated in a centralized fashion. For example, [10]
conducted a linear optimization model of TCLs for frequency
and energy arbitrage. A hierarchical centralized load control
with TCLs was proposed in [13] to provide load follow-
ing services. In [14], a sequential setpoint control of TCL
population was provided in which aggregated TCLs were
characterized by an extended Markov model. However, a cen-
tralized TCL operation is more complicated which could
expose TCLs’ information privacy [15], [16]. In practice,
a distributed scheduling and control is more practical for
regulating largely distributed TCLs which can protect the
corresponding information privacy effectively.

Transactive control that employs market mechanisms to
enable self-interested entities to serve the power grid, is
a promising distributed way to preserve the proprietary data
and respect specific performances of participating entities [17].
Reference [18] proposed a real-time electric vehicle (EV)
charging management scheme in a transactive energy market.
EV owners provide charging requirements and price signals,
while end-users’ information privacy is preserved. A day-
ahead transactive market framework was presented in [19]
in which transactive energy in transmission and distribution
networks was cleared simultaneously for optimal operations
of distributed resources. The clearing process for trading in
a transactive energy market was studied in [16], [20]. Here,
Lagrangian relaxation was introduced to describe the trad-
ing process. Reference [16] proposed an optimal strategy for
multi microgrids using dynamic programming. Reference [20]
developed a distributed optimization framework by Lagrangian
relaxation for energy trading among microgrids. Transactive
control provided an innovative solution to regulate TCLs in
a distributed fashion; however, additional investigations are
required to fully explore the stated potentials.
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Additional studies focused on TCL regulation by trans-
active control. Reference [21] provided a framework for
transaction-based building controls. Reference [22] proposed
a single-auction market for commercial buildings to respond
to external price signals. Each building provides a price curve
for adjusting its temperature set-point. In [23], a transac-
tive control strategy was developed for regulating commercial
buildings to shave power peaks and shift loads. In this case,
building bidding strategies and market clearing process were
both provided. The device bidding and market clearing strate-
gies were investigated in [24], [25] to motivate self-interested
TCLs to pursue efficient energy allocations at peak hours,
in which TCLs were regulated by a market-based coordina-
tion framework. The transactive control of residential building
was analyzed in [26]. Even though the transactive TCL con-
trol was analyzed earlier at the level of devices/buildings, the
optimal scheduling of aggregated TCLs was rarely analyzed at
the power system level. Moreover, specific TCL performances
in transactive control (i.e., lockout time effects) were often
disregarded.

In this paper, we focus on a hierarchical optimal schedul-
ing and control of TCL populations in power systems using
market-based distributed modes. Accordingly, specific oper-
ating characteristics of TCLs will be fully considered and
participants’ information privacy will be preserved. The main
contributions of this paper are summarized as follows. First,
a hierarchical framework is proposed for TCLs, in which the
TCL scheduling at power system and device levels are coordi-
nated to regulate TCLs in a distributed fashion. At the lower
stage, a virtual energy market is designed to control TCLs
at the device level in which specific TCL characteristics are
fully considered. At the upper stage, a transactive energy mar-
ket is adopted for aggregated TCLs in which the proposed
peer-to-peer optimal trading strategy among aggregators would
minimize the cost of power system operation. Each aggregator
makes proper decisions according to other aggregators’ trad-
ing signals without revealing any private information. Second,
based on the virtual battery model for the provision of aggre-
gated TCL flexibility, the paper investigates the differences
among virtual and conventional battery models in terms of
operating behaviors.

The paper is structured as follows. TCL scheduling
framework is described in Section II. Aggregation and
de-aggregation of TCLs are given in Section III. Section IV
describes transactive energy market operation with
aggregated TCL flexibility. Case studies developed in
Section V. Section VI concludes the paper.

II. TCL SCHEDULING FRAMEWORK

The hierarchical framework for distributed TCL scheduling
is shown in Fig. 1. In this paper, TCLs connected to a power
network node are regulated by an aggregator [27]. The imple-
mentation procedure is summarized as follows. As TCLs are
widely distributed in the grid, they are aggregated as a virtual
battery model at the lower stage (aggregating/de-aggregating)
to qualify their system scheduling potential (see Section III-A).
When aggregators receive the virtual battery model of
TCLs, each aggregator (AGG) uses the aggregated data of

Fig. 1. Hierarchical TCL scheduling framework.

TCL flexibility to participate in a transactive energy mar-
ket at the upper stage (aggregator’s transactive trading,
see Section IV). System-level peer-to-peer trading among
aggregators with aggregated TCLs is to minimize the power
system cost.

TCLs are controlled in a distributed fashion by hosting
a virtual market at the lower stage as aggregators receive trans-
active results from the upper stage (see Section III-B). Each
TCL determines its own operating state in terms of its bid and
market clearing price. Accordingly, TCLs are optimally regu-
lated in a distributed fashion by the coordination of system-
and device level schedules.

The virtual battery model is employed to characterize the
aggregated TCL flexibility, which guarantees that the vir-
tual battery is scheduled at the upper stage to reside within
TCL capabilities stated at the lower stage. Also, eligible
TCLs are regulated by aggregators to respond to the desired
power at the lower stage (see Section III-B). The proposed
hierarchical framework allows TCLs at the lower stage to
follow the aggregated TCLs’ power scheduled at the upper
stage.

III. AGGREGATION AND DE-AGGREGATION OF TCLS

A. Aggregation of TCLs at the Lower stage

There are two operating modes (i.e., heating and cool-
ing) for certain TCLs (e.g., air conditionings) and cooling
mode is presented as an example in this paper. The thermody-
namic behavior of TCLs is described by a discrete equivalent
model [9], [13], and [28], which is given as:

Ca
dTin(t)

dt
= Tout − Tin(t)

R
− S(t) · COP · Prated (1)
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TCLs working at the rated power (on state) or zero power
(off state) have their indoor temperatures adjusted periodically
within [Tmin, Tmax] (Tmin = Tset − δ, Tmax = Tset + δ) [29].
A continuous TCL model for closely following the aggregated
TCL power is proposed in [7]. The continuous model, uti-
lized as a more convenient choice than the discrete equivalent
model, describes the TCL performance as:

Ca · dTin(t)

dt
= Tout − Tin(t)

R
− COP · Pcont(t) (2a)

0 ≤ Pcont(t) ≤ Prated (2b)

When there are no external control signals, TCL oper-
ates at Tset with the corresponding baseline power, Pbaseline,
expressed as:

Pbaseline = Tout − Tset

COP · R
(3)

TCLs have thermal inertia and share similar operating
behaviors with batteries. Accordingly, TCL operation is
presented as a virtual battery model in this paper. When there
are external control signals, the TCL power Pcont(t) will be
changed and the internal temperature will deviate from Tset. If
Pcont(t) is larger than Pbaseline, TCL absorbs power from the
grid to store energy in virtual battery. Otherwise, TCL releases
power to the grid by discharging the energy stored in virtual
battery. Thus, the difference between Pcont(t) and Pbaseline is
defined as the charging/discharging power of virtual battery,
which is stated as:

Pcd(k) = Pcont(k) − Pbaseline (4a)

−Pbaseline ≤ Pcd(k) ≤ Prated − Pbaseline (4b)

When T in(t) is at Tmax or Tmin, the stored energy is either
the lowest or the highest, respectively. Considering that Tset
is the user’s preferred temperature setpoint, its corresponding
energy storage is set at 0 in this paper. Thus, energy storage
is defined as:

x(k) = Tset − Tin(k)

δ
(5)

where, Tin(k) is within [Tmin, Tmax] to guarantee end-users’
comfort. Thus, x(k) is constrained as:

− 1 ≤ x(k) ≤ 1 (6)

Using (2a), (3), (4a) and (5), the updated TCL energy
storage level is derived as:

x(k + 1) = κx(k) + γ Pcd(k) (7a)

where

κ = exp

(
− �t

RCa

)
(7b)

γ = COP · R · (1 − κ)

δ
(7c)

Accordingly, TCL is encapsulated in a battery model
using (4b), (6) and (7a). TCL energy storage levels are
presented as:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

x1(k + 1) = κ1x1(k) + γ1Pcd,1(k)
x2(k + 1) = κ2x2(k) + γ2Pcd,2(k)

...

xn(k + 1) = κnxn(k) + γnPcd,n(k)

(8)

To represent the aggregated TCL’s virtual battery model, (8)
is rewritten as:

n∑
j=1

xj(k + 1)

γj
=

n∑
j=1

κj
xj(k)

γj
+

n∑
j=1

Pcd,j(k) (9)

Here, SOC(k) and P(k) for aggregated TCLs’ virtual battery
are defined as:

SOC(k) =
n∑

j=1

xj(k)

γj
(10a)

P(k) =
n∑

j=1

Pcd,j(k) (10b)

Considering (8)-(10b), the aggregated TCL flexibility is
approximately expressed as:

Pmin ≤ P(k) ≤ Pmax (11a)

SOC(k + 1) = αSOC(k) + P(k) (11b)

SOCmin ≤ SOC(k + 1) ≤ SOCmax (11c)

where

Pmax =
n∑

j=1

(
Prated,j − Tout − Tset,j

COPj · Rj

)
(11d)

Pmin = −
n∑

j=1

Tout − Tset,j

COPj · Rj
(11e)

SOCmin = −
n∑

j=1

δj

COPj · Rj ·
(

1 − exp
(
− �t

Rj·Ca,j

)) (11h)

SOCmax =
n∑

j=1

δj

COPj · Rj ·
(

1 − exp
(
− �t

Rj·Ca,j

)) (11f)

α = 1

n

n∑
j=1

exp

(
− �t

Rj · Ca,j

)
(11g)

It is noted that κ in (9) varies for different TCLs’ virtual
batteries, which makes it difficult to aggregate a virtual bat-
tery population. For simplicity, α in (11b) is the average κ

for all virtual batteries as described in (11g). Hence, a TCL
population’s aggregated flexibility managed by an aggrega-
tor is built as a virtual battery model stated in (11a)-(11c).
The aggregator will access virtual battery parameters using
the TCL’s probability distribution derived from the total
TCL power [5]. Accordingly, TCLs will be scheduled like
conventional batteries.

B. De-Aggregation of TCLs at the Lower Stage

When aggregators receive trading results from the upper-
stage, they decomposed the desired power into control signals
to regulate TCLs in the de-aggregation process. To preserve
TCL information privacy (i.e., TCL parameters, including Ca,
R, δ, COP) and customer preferences (i.e., Tset), the aggre-
gator organizes a virtual market, which is a market-based
control mechanism to drive self-interested TCLs to follow the
desired power. Price signals are applied as control information
to guide TCLs’ performances; although, economic behavior is
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not a consideration at this stage. Specifically, TCLs as sellers
submit bids for power and price according to their operat-
ing status. It is assumed that there is only one virtual buyer
for the desired power which pay the market clearing price.
The aggregator collects bids, clears the virtual market, and
sends the market clearing price to TCLs. TCLs will respond
accordingly by submitting revised bids. The virtual market
mechanism is portrayed as follows.

As charging/discharging schedules of virtual batteries are
calculated at the upper stage, the desired TCL power is
stated as:

Pdesired(k) =
n∑

j=1

Pbaseline,j + P(k) (12)

Accordingly, the power adjustment (i.e., virtual buyer’s
purchased power) is represented as:

�P(k) = Pdesired(k) − Pactual(k) (13)

If �P(k)>0, certain TCLs will be turned on to be charged
(charging market) and others will be turned off to be dis-
charged (discharging market), which allow TCLs to submit
bids strategically and in accordance with their operating states.
Each TCL is installed with a smart controller for monitoring its
operating status, calculate the related parameters, and commu-
nicate with the aggregator. Also, TCL bids are determined by
their operating states. The market-based TCL control process
is described as follow.

Step 1: TCLs decide if they are eligible to partake in a vir-
tual market. In the charging market, only TCLs in off state can
submit bids to charge their virtual batteries. Other TCLs in on
state will participate in the discharging market to discharge
their virtual batteries.

Step 2: When eligible TCLs submit bids, the clearing price
will be determined. There are two main components to be
considered in the bid price.

1) TCL Compressor Wear-and-Tear: Excessive switching
can increase the stress on TCL compressors and potentially
shorten their operating lives [28]. To relieve the mechani-
cal stress, ρ1 determined by the location of TCL internal
temperature is developed. In the charging market, ρ1 is
calculated as:

ρ1 = Tmax − Tin(k)

Tmax − Tmin
(14a)

indicating that the TCL with an internal temperature closer to
Tmax has a lower price and is easier to be scheduled in the
charging market, which reduces switching cycles. Similarly,
ρ1 in the discharging market is given as:

ρ1 = Tin(k) − Tmin

Tmax − Tmin
. (14b)

2) Fairness in Regulation: Some TCLs are turned off/on
excessively, while others are rarely manipulated during the
regulation process. This unfair regulation process can irritate
certain end users. Thus, ρ2 is proposed to influence the fairness
in bid price:

ρ2 = Nr

Nt
(15)

Fig. 2. Market clearing in TCL de-aggregation process.

Higher numbers of TCL switching will result in a larger ρ2,
indicating that the TCL is more difficult to be scheduled. Here,
ρbid consists of two price components which are stated as

ρbid = ω1 · ρ1 + ω2 · ρ2 (16)

ω1 + ω2 = 1 (17)

Each customer can decide ω1 and ω2 according to its pref-
erences. For simplicity, ω1 and ω2 are assumed to be 1/2 in
this paper. In addition, as TCL power can only be changed
from Prated to 0 or 0 to Prated, Prated is used as bid power.

Step 3: Aggregators collect TCL bids, sort out prices in
ascending order and clear the market based on virtual buyer’s
required power, �P(k), as depicted in Fig. 2. As scheduling
results are obtained from the upper stage using the aggregated
TCLs’ virtual battery model, there is always a market clearing
price between the lowest and the highest TCL bid prices as
depicted in Fig. 2.

The aggregator sends the corresponding market clearing
price (ρcl

bid) to participating TCLs for comparison with respec-
tive bid prices. If ρcl

bid is higher, TCL will switch its state;
otherwise, TCL will keep its state. In this regard, TCLs will
not provide their parameters to aggregators in order to protect
end-user’s information privacy.

IV. TRANSACTIVE ENERGY MARKET OPERATION

WITH AGGREGATED TCL FLEXIBILITY

It is assumed that distributed generators and loads connected
to a power network node are also managed by TCL aggrega-
tors. Accordingly, distributed generators, virtual batteries and
inelastic loads are regulated by an aggregator to take part in the
power system operation. To preserve the information privacy,
aggregators at the upper stage coordinate a peer-to-peer energy
trading in power systems. The information transacted among
aggregators includes electricity price and demand. However,
distributed resource parameters managed by aggregators will
not be communicated. The detailed scheduling strategy is
described as follows.

The primal objective is to minimize the total operation cost
of Nagg aggregators, which is formulated as:

L = min
Nk∑

k=1

Nagg∑
i=1

(
Cg

(
PG,i(k)

) + ρi(k) · Ppur,iSO(k)

+∑Nagg
v=1 div · (

Ppur,iv(k)
)2

)
(18)

where the first term is the generator cost expressed as Cg(x) =
ax2 + bx + c. The second term is the aggregator’s cost for
purchasing power from system operator (SO). The aggregator
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which purchases power from other aggregators also pays for
power losses in the trading process. Thus, the third term is
the delivery cost when aggregators purchase power from other
aggregators in which the quadratic power loss is taken into
account [30].

The primal constraints are given as:

PG,i(k) + Ppur,iSO(k) +
Nagg∑
v=1

Ppur,iv(k) − Psel,i(k)

− Pbattery,i(k) − Pload,i(k) = 0, 1 ≤ i ≤ Nagg (19a)

0 ≤ PG,i(k) ≤ PG,max, 1 ≤ i ≤ Nagg (19b)

0 ≤ Ppur,iv ≤ Ppur,max, Ppur,ii = 0,

1 ≤ i ≤ Nagg, 1 ≤ v ≤ Nagg (19c)

Psel,i(k) ≥ 0, 1 ≤ i ≤ Nagg (19d)

Psel,i(k) =
Nagg∑
v=1

Ppur,vi(k), 1 ≤ i ≤ Nagg (19e)

Ppur,iSO(k) ≥ 0, 1 ≤ i ≤ Nagg (19f)

Constrains of virtual battery model (2a)-(2c) (19g)

where (19a) is the power balance of AGG i(1 ≤ i ≤ Nagg).
Equation (19b) is the generator i power constraint (1 ≤ i ≤
Nagg). Equation (19c)-(19e) are aggregators’ transacted power
constraints. Equation (19f) is the purchased power constraint
of the aggregator from SO. Equation (19g) is the set of power
constraints of aggregated TCLs provided in Section III.

Lagrangian relaxation is utilized here to address peer-to-peer
transactions that would protect each aggregator’s information
privacy. The primal problem is decoupled into aggregator
subproblems. Each aggregator will transact with other aggre-
gators using trading signals to achieve optimal operations. The
Lagrangian function is stated as:

F = min
Nk∑

k=1

Nagg∑
i=1

⎛
⎜⎜⎝

Cg
(
PG,i(k)

) + ρi(k) · Ppur,iSO(k)

+ ∑Nagg
v=1 div · (

Ppur,iv(k)
)2 + λi(k)

(
Ppur,1i(k)

+ Ppur,2i(k) + · · · + Ppur,Naggi(k) − Psel,i(k)
)

⎞
⎟⎟⎠

(20)

Here, (20) will be decomposed into aggregator subproblems
in which the optimization model of AGG i for peer-to-peer
transactions is expressed in (21). Each aggregator solves its
cost minimization problem expressed as (21). However, Nagg
aggregator solutions cannot satisfy the power balance con-
straint in the primal problem (19e). Accordingly, λi and Ppur,i1,
Ppur,i2, . . . , Ppur,iNagg are exchanged between AGG i and other
aggregators. The subgradient method is employed to update
the multipliers.

Fi = min
Nk∑

k=1

⎛
⎜⎜⎜⎝

Cg
(
PG,i(k)

)+ρi(k) · Ppur,iSO(k)

+∑Nagg
v=1 div · (

Ppur,iv(k)
)2+λ1(k) · Ppur,i1(k)

+ λ2(k) · Ppur,i2(k)+ · · · +λNagg(k) · Ppur,iNagg(k)
− λi(k) · Psel,i(k)

⎞
⎟⎟⎟⎠

(21)

s.t. (19a) - (19d) and (19f) - (19g).

λi(k)[m+1] = λi(k)[m]

Fig. 3. Flowchart of aggregators’ trading process.

+ 1

h · m+l

⎛
⎝Nagg∑

v=1

Ppur,vi(k)[m]−Psel,i(k)[m]

⎞
⎠ (22)

In (22), the updated λi reflects the AGG i’s supply and demand
relation in the market. When demand is less than supply (i.e.,∑Nagg

v=1 Ppur,vi(k) < Psel,i(k)), λi will be lowered. Otherwise,
λi will become larger. Thus, λi is treated as the AGG i’s
biding price and the final λi is the AGG i’s market clear-
ing price. Moreover, λ1(k)Ppur,i1(k) + λ2(k)Ppur,i2(k) + · · · +
λNagg(k)Ppur,iNagg(k) in (21) is the AGG i’s cost when it pur-
chases power from other aggregators. λi(k)Psel,i(k) is the AGG
i’s income when it sells power. The difference between the
two is the AGG i’s cost for energy transaction, which reflects
AGG i’s market cost and revenue. Such a peer-to-peer market
mechanism which balances supply and demand using electric-
ity price as a key parameter is presented as the transactive
energy market [31].

The flowchart of aggregators’ trading process is given in
Fig. 3, and the aggregators’ transactive process is described
as follows.

(1) Form the Lagrangian relaxation problem (20) and ini-
tialize parameters, including λi(1 ≤ i ≤ Nagg), the power
grid structure, AGG contract prices, generator cost curve, load
curve, and virtual battery model;

(2) Solve each aggregator’s subproblem (21) with the latest
λi(1 ≤ i ≤ Nagg). Then each aggregator i gets its Ppur,iv and
Psel,i(1 ≤ v ≤ Nagg, v �= i) according to other aggregators’
prices. Repeat Step (2), and calculate Ppur and Psel for each
aggregator;

(3) It is assumed that aggregators are able to communicate
with each other by a local communication network. Exchange
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TABLE I
TCL PARAMETER RANGES OF AGGREGATORS

Ppur and λ between any two aggregators. Each aggregator gets
the access to other aggregators’ trading results and prices;

(4) Update each aggregator’s λ using the trading results in
terms of (22). If each aggregator’s λ does not change much
in two consecutive iterations (i.e., |λ[m + 1] − λ[m]| ≤ r1,
with r1 representing the termination threshold), λ is a feasible
solution and go to Step (5); otherwise, go to Step (2);

(5) Calculate the primal objective value L in (18) and F
in (20) according to each aggregator’s latest trading results.
The upper bound of the optimal value L∗ of (18) is given by
L and the lower bound is provided by F. Analyze the rela-
tive duality gap (RDG) (see (23)). Check whether RDG ≤ r2,
where r2 is the termination threshold. If satisfied, the trading
results in the transactive market are the same as the primal
optimization problem described in (19a)-(19g); go to Step (6).
Otherwise, more trading iterations are required; go back to
Step (2).

RDG =
∣∣∣∣L − F

F

∣∣∣∣ (23)

(6) Transactive energy market is cleared and each aggrega-
tor’s trading is determined. Accordingly, each virtual battery’s
charging/discharging power regulated by aggregators is also
decided, which is sent to the lower stage for de-aggregation
to control individual TCLs.

Hence, TCLs are regulated by virtual market signals at the
lower stage and scheduled in a transactive energy market at
the upper stage. In this way, the TCL information will not
be leaked to aggregators and aggregators will not expose the
information to their peers.

V. CASE STUDIES

We assume there are three aggregators represented as
AGG1-AGG3. TCL parameters of each aggregator are shown
in Table I. The number of TCLs in each AGG is 1,000.
The ambient temperature is 36◦C. The time slots at upper
and lower stages are 5 minutes and 1 minute, respectively.
Generation cost function coefficients for AGG1-AGG3 are
shown in Table II. The generator capacities for AGG1-
AGG3 are 7.5MW, 10MW, and 12MW, respectively. Loads are
scaled [32]; r1 and r2 are 0.05; d12, d13 and d23 (representing
actual distances) are 4×10−4 $/MW2, 1.4×10−3 $/MW2 and
1.8×10−3 $/MW2.

To validate the proposed methods and highlight our main
contributions, case studies are structured as follows. The sim-
ulations in Sections V-A and V-B are employed to analyze

TABLE II
COEFFICIENTS OF GENERATOR COST FUNCTION

TABLE III
PARAMETERS OF VIRTUAL BATTERIES

Fig. 4. SO’s contract prices of AGG1 - AGG3.

aggregators’ trading behaviors at the upper stage and the con-
trol performance of TCLs at the lower stage, respectively. The
scheduling of TCLs at two stages are coordinated to regulate
TCLs. Section V-C compares virtual and conventional bat-
tery models based on the virtual battery’s scheduling results
provided in Section V-A.

A. Aggregators’ Transactive Trading Results at the
Upper Stage

Using our proposed model, virtual battery parameters are
calculated and shown in Table III. The contract price of
AGG1-AGG3 is previously determined by SO and depicted
in Fig. 4 [33]. Aggregators with flexible TCLs participate in
the proposed peer-to-peer trading. Each aggregator makes trad-
ing decisions based on other aggregators’ prices, SO contract
prices and local generation costs, without leaking any propri-
etary information. Simulation results are presented as follows.
The behaviors of entities (including aggregators, generators,
and virtual battery) and prices (including SO contract prices,
generators’ marginal costs and aggregators’ trading prices) are
all analyzed to show the operating mechanism of the proposed
peer-to-peer trading. Two Cases with and without peer-to-peer
trading are also compared to show that the peer-to-peer trading
can reduce the operation cost in the power system.

(1) Analyses of power provided by SO and local generation:
Figs. 5-6 show the power purchased from SO and generators’
power and marginal costs, respectively. Here, any purchases
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Fig. 5. Power purchased by AGG1-AGG3 from SO.

Fig. 6. Generator power of AGG1-AGG3.

Fig. 7. Generator marginal cost of AGG1-AGG3.

depend on the SO’s price and the generator marginal cost.
Considering the results in Figs. 5-7, AGG3 purchases more
power from SO at time slots 1-8, when SO’s price is lower
than that of AGG1-AGG2 and the generator marginal cost
of AGG1-AGG3. At this time, generators as more expensive
resources will not be dispatched. When the SO’s price is higher
(e.g., time slots 15-19), generators of AGG2 and AGG3 with
lower marginal costs, as compared with those of AGG1, are
dispatched.

(2) Analyses of aggregators’ trading prices: Fig. 8 shows
transactive trading prices (λ1, λ2 and λ3) of AGG1-
AGG3 which have overlapped due to small differences of λ1,
λ2 and λ3. It is clear that the trends in aggregator trading prices
are consistent with the SO’s price for AGG3 at time slots 1-8,

Fig. 8. Transactive trading price of AGG1-AGG3.

Fig. 9. Transactive trading price convergence in time slot 2.

Fig. 10. Transactive trading power between AGG1-AGG3.

when the corresponding SO’s price is the lowest as compared
to other SO prices and generator marginal costs. When any
aggregators’ generator marginal costs are lower than the SO’s
price, the trading price trends are consistent with generator
marginal costs in AGG1 and AGG2 at time slots 15-19. In this
example, aggregators’ trading prices reflect those of cheapest
dispatched resources (SO or generators).

Take λ1 - λ3 at time slot 2 to analyze the transactive trad-
ing among AGG1-AGG3. The convergence of λ1 - λ3 at time
slot 2 is depicted in Fig. 9. The corresponding trading power
is shown in Fig. 10. Here, λ3 = 11.9501 is the lowest com-
pared with λ1 = 11.9608 and λ2 = 11.9623, which means the
cheapest resource is scheduled by AGG3. Thus, both AGG1
and AGG2 purchase power from AGG3. Moreover, purchasing
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Fig. 11. Virtual battery charging/discharging power of AGG1-AGG3.

Fig. 12. AGG1 operation in Case 2.

aggregators also pay for transmission losses. So, AGG2 also
buys power from AGG1 to reflect a shorter electrical distance.
The differences among λ1, λ2 and λ3 describe the trad-
ing power direction among AGG1-AGG3. Aggregators will
operate economically by adopting the trading price λ in the
peer-to-peer transaction process.

(3) Analysis of virtual battery: The virtual batteries’ oper-
ations are shown in Fig. 11 in which virtual batteries in
AGG1-AGG3 have similar operating behaviors. Virtual batter-
ies are either charging or discharging when transactive trading
prices in Fig. 8 are lower (e.g., at time slots 5-7) or higher (e.g.,
at time slots 15-19), respectively. This Case demonstrates that
virtual batteries’ operating behaviors are determined by the
trend in aggregator trading prices.

(4) Comparison of aggregator’s behaviors with and without
peer-to-peer transactive trading: Two Cases are compared to
show the effectiveness of the proposed peer-to-peer transac-
tive trading. Aggregators with flexible TCLs participate in the
proposed peer-to-peer trading in Case 1. Such aggregators do
not participate in the proposed transactive energy market and
only purchase electricity from SO in Case 2 (i.e., in Case 2,
there are only transactions between SO and aggregators). The
dispatched power of generators and SO are determined by
generator marginal costs and SO prices. The operating behav-
iors of AGG1 in Case 2 are presented in Fig. 12. If the SO’s
price is lower than generator marginal costs, aggregators will
purchase power from SO and virtual batteries are charged
(e.g., time slot 4 for AGG1 in Fig. 12). If the SO’s price is

Fig. 13. Actual power and power errors of TCLs in AGG1.

Fig. 14. TCL internal temperature profiles of AGG1.

higher than generator marginal prices, aggregators will gener-
ate power and virtual batteries are discharged (e.g., time slots
17-18 for AGG1). The total costs in two Cases are $8,151.8
and $9,486.1, respectively. In Case 2, aggregators cannot trade
any cheaper power with other aggregators, which increases the
operation cost as compared to that in Case 1.

B. Control Performances of TCLs at the Lower Stage

The scheduled power of aggregated TCLs (i.e., charging/
discharging power of virtual battery) is determined when the
transactive market is cleared at the upper stage. Then the
aggregator will de-aggregate the scheduled power to control
each TCL in terms of the proposed method in Section III-B.

Take AGG1 as an example to validate the proposed virtual
battery model and the control method of TCLs. The TCL’s
actual power and errors (representing differences between the
desired and the actual TCL power) are shown in Fig. 13,
and the corresponding internal temperature profiles are given
in Fig. 14. Different colors in Fig. 14 represent TCLs’ pro-
files for respective control signals [28], [29]. TCLs’ diverse
internal temperatures are normalized in Fig. 14. In Fig. 13,
power errors are very small, which means TCLs can closely
track the virtual battery’s scheduled power that is determined
at the upper stage. In Fig. 14, TCLs’ internal temperatures
are limited within [0, 1] for satisfying end users’ comfort
requirements. The outcome demonstrates that virtual batteries
accurately describe the TCLs’ aggregated flexibility as TCLs
are effectively controlled by the proposed method.

When TCLs are regulated to follow the desired power, it
is imperative to relieve the switching’s mechanical stress as
TCL’s internal temperature is considered for implementing
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Fig. 15. Number of TCL switching in Cases 1 and 2.

TABLE IV
Pmin AND Pmax OF VIRTUAL BATTERY FOR DIFFERENT

EXTERNAL TEMPERATURES

ascending/descending orders in centralized control [7], [28].
The switching’s mechanical stress is also relieved in the
proposed transactive control when TCL’s internal tempera-
ture is considered as bid. Two Cases are compared to show
the other merits of the proposed transactive control at the
lower stage. In Case 1, the TCL bid is composed of TCL’s
internal temperature and regulation fairness (i.e., ω1 = 1/2,
ω2 = 1/2). In Case 2, only TCL’s internal temperature is con-
sidered in TCL bid (i.e., ω1 = 1, ω2 = 0). The numbers of
TCL switching in Cases 1 and 2 are provided in Fig. 15. The
corresponding variances of the number of TCL switching in
the two Cases are 23.34 and 55.15, respectively. It is clear that
the proposed method will effectively avoid unfair regulations
where some TCLs are turned off/on excessively.

C. Comparison of Conventional and Virtual Batteries

Although the virtual battery shares the same models with
conventional lithium-ion battery, there are differences between
the two models as presented below.

(1) Virtual battery is sensitive to external temperatures:
External temperatures affect virtual batteries’ operating behav-
iors. Generally, external temperature would change contin-
uously, and we assume external temperatures remain fixed
in half-hour intervals. The Pmin and Pmax in AGG1’s vir-
tual battery for different external temperatures are calculated
in Table IV. The conventional battery is required to work
within a certain range of ambient temperature. Even though,
a conventional battery’s operating behavior cannot change
as significantly as that of a virtual battery when external
temperature changes within a normal range.

TABLE V
PARAMETERS OF LITHIUM-ION BATTERY

Fig. 16. Operating behavior of virtual battery in AGG1.

Fig. 17. Operating behavior of lithium-ion battery.

(2) Virtual battery shows an infinite capacity in some Cases:
The virtual battery’s operating behavior in AGG1 is shown
in Fig. 16, where the aggregators’ total cost is $8,151.8. To
compare virtual and conventional batteries in terms of oper-
ating behaviors, a lithium-ion battery with parameters stated
in Table V is scheduled in the peer-to-peer transactive trading
with a similar total cost of $8,131.8. In Fig. 16, SOC is fixed
even though the virtual battery is slightly charged/discharged
in certain time slots (e.g., hours 20-24) with an infinite capac-
ity which will never be fully charged/discharged. By contrast,
SOC can only stay fixed when the lithium-ion battery’s charg-
ing/discharging power is 0 (e.g., time slot 20-24 hours in
Fig. 17). The corresponding explanation is given as follows.

For a virtual battery, SOC(k + 1) is equal to SOC(k) when
P(k) is given as:

P(k) = (1 − α) · SOC(k) (24)

In (24), P(k) will not be 0 as SOC(k) is not within (0<

α <1). This means that the energy storage level of a virtual
battery does not change even though it is charging/discharging.
In this case, we assume the TCL’s virtual battery has an
infinite capacity which cannot be fully charged/discharged.
A TCL will consume a certain amount of power, which will
be adjusted with temperature, in order to maintain a fixed
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Fig. 18. Operating behavior of virtual battery.

internal temperature. P(k) is defined as the difference between
the actual power and baseline power of TCLs according to (4a)
and (10b). When the internal temperature is kept at a point
that is different from Tset, the TCL’s actual power is always
different from the baseline power. In other words, a virtual
battery would need to absorb/release some power to maintain
its energy storage levels (i.e., SOC(k) �= 0). Thus, a virtual
battery possesses an unlimited capacity when P(k) is equal to
the power difference corresponding to TCL’s internal tempera-
tures at T∗ and Tset (T∗ �= Tset), respectively. At this time, the
virtual battery’s energy storage level is fixed at SOC(k) and
the corresponding TCL internal temperature is T∗. By con-
trast, a conventional battery’s energy storage level will change
when charging/discharging power is not 0. This means a con-
ventional battery has a limited capacity which can be fully
charged/discharged.

(3) Virtual battery has an automatic restoration capability:
The charging/discharging power is set at 0 between time slots 6
and 24. The corresponding relationship between P(k) and
SOC(k) is simulated in the upper Fig. 18, where the SOC
gradually approaches 0. Similarly, the relationship between
P(k) and SOC(k) is shown in the lower Fig. 18, when P(k) is
0 beyond the time slot 7 when SOC(k) also approaches 0. The
corresponding explanation is given as follows.

SOC(k + 1) changes according to SOC(k) and the absolute
value of SOC(k+1) will be less than that of SOC(k) when P(k)
is 0 (0< α <1) in (11b). If SOC(k)>0, SOC(k + 1) is smaller
than SOC(k), which means the energy storage level is reduced.
If SOC(k) < 0, SOC(k+1) is larger than SOC(k), which means
the energy storage level is increased. Hence, SOC(k+1) tends
to approach 0 (its original state) when P(k) is 0. This phe-
nomenon is related to the self-dissipation power of a virtual
battery. When SOC(k)>0, a virtual battery will self-dissipate
power and P(k) is too small to maintain the current energy stor-
age level, which will result in a lower SOC. When SOC(k)<0,
the self-dissipated power of a virtual battery is smaller than
0 and P(k) is too large to maintain the current energy stor-
age level, which will result in a higher SOC. However, for

a conventional battery, SOC(k + 1) is equal to SOC(k) when
P(k) is 0. This means a conventional battery’s energy storage
level remains constant when it is not deployed.

VI. CONCLUSION

A hierarchical coordination mechanism is proposed to man-
age the TCL flexibility in a distributed fashion. TCLs are
regulated by the transactive control and TCL flexibilities are
aggregated using a virtual battery model at the lower stage.
Compared with a conventional battery, the proposed virtual
battery is more sensitive to external temperatures when the
temperature is changing within a normal range, offers an infi-
nite capacity in some cases, and has an automatic restoration
capability. A transactive energy market enables aggregators
with TCL flexibility to trade with each other for minimizing
the cost of power system at the upper stage. The effectiveness
of the proposed methods is validated by several case stud-
ies. Our future work will focus on enhancing the resilience
of power systems via transactive energy markets by utilizing
distributed resources, including TCLs, electric vehicles and
conventional batteries.
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