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Abstract—Rapidly increasing distributed energy re-
sources (DERs) bring more fluctuating output power to the
distribution network and put forward a higher requirement
on local regulation resources for maintaining the network’s
balance. Heating, ventilation, and air conditioning (HVAC)
loads account for more than 40% of power consumption in
modern cities and have huge regulation potential as flexi-
ble loads. However, HVACs equipped with inverter devices
have rarely been studied for providing regulation services
in the local electricity market (LEM), even though they have
exceeded regular fixed-speed HVACs. To address this is-
sue, this article proposes a real-time LEM and a distribu-
tion network’s optimization framework to exploit the regula-
tion potential of inverter-based HVACs considering multiple
DERs. This LEM can avoid iterations in real time and signif-
icantly decrease the difficulty related to the participation of
small end-users in urban distribution networks. Moreover,
in this article, we propose a transactive capacity evaluation
method to assist end-users in deciding their inverter-based
HVACs regulation capacities in the real-time LEM, which
considers buildings’ thermal features, users’ multiple com-
fort requirements, and dynamic ambient temperature. On
this basis, a multilevel bidding strategy is developed for
inverter-based HVACs to decrease energy cost, increase
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fluctuating DERSs local utilization rate, and alleviate the dis-
tribution network’s congestion. Finally, a realistic distribu-
tion network is utilized to verify the effectiveness of the
proposed methods.

Index Terms—Distributed energy resources (DERs),
inverter-based HVAC loads, local electricity market (LEM),
transactive energy.

[. INTRODUCTION

HE rapidly increasing distributed energy resources

(DERSs), such as photovoltaics (PVs) and wind turbines,
are transforming urban distribution networks from pure con-
sumers into prosumers [1]. More and more urban distribution
networks can not only import but also export electricity to the
main grid, especially during the DERs peak generation periods
[2]. However, differently from traditional generating units (e.g.,
thermal power units), DERs output power is seriously affected
by the environment with great uncertainties [3], which causes the
tie-line power between the main grid and distribution networks
to become more fluctuating. The main grid has to reserve more
flexible regulation resources for maintaining the system balance,
which undoubtedly decreases the system’s economic efficiency
[4]. More seriously, with the phasing out of traditional generating
units (main contributors of regulation resources nowadays), the
regulation resources in the system will probably be insufficient.
This is one of the main threats to the power system’s stable and
secure operation [5].

To address this issue, more studies are paying attention to
demand-side regulation resources [6] and the local electricity
market (LEM) for transactive energy in distribution networks
[7]. For example, Daneshvar et al. [8] develop a two-stage
robust stochastic scheduling model considering the transactive
energy in day-ahead and real-time markets, which can enable the
distribution networks with high-penetration DERS to participate
in the deregulated market effectively [9]. Nunna ez al. [10] and
Nizami et al. [11] propose multiagent-based transactive energy
frameworks for distribution networks to integrate demand-side
regulation resources into the system operation. Lin et al. [12]
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analyze different auction mechanisms and bidding strategies for
DERs transactive energy market. Rayati et al. [13] develop a
resilient transactive control method for high wind penetration
systems based on cloud computing. Hu et al. [14] propose
a balancing market framework by adopting the concept of
network-constrained transactive energy to facilitate the interac-
tions between the transmission system and DERs [15]. Li et al.
[16] integrate a bilateral energy trading mechanism with the
optimal power flow technique to increase participants’ benefits.
Moreover, multimicrogrid systems with transactive energy are
optimized by second-order cone programming [17], Karush—
Kuhn-Tucker optimality conditions [18], distributionally robust
optimization [19], and scenario-based stochastic optimization
method [20]. Some decentralized schemes are also designed.
For example, Yang et al. [21] develop a blockchain-empowered
socially optimal transactive energy system to guarantee the
users’ benefits while avoiding privacy data leakage [22]. Yan
et al. [23] propose network-constrained peer-to-peer transactive
energy for microgrids, which can guarantee the distribution
network security and increase transaction flexibility [24]. Jhala
et al. [25] analyze the impact of attacks on pricing signals in
the transactive energy market to highlight the concern for false
data injection [26]. Feng et al. [27] propose a coalitional game
model to utilize flexible loads and fluctuating power of DERs.

Among different kinds of demand-side regulation resources,
battery storage systems are especially concerned [29], which
can be installed along with distributed DERs to mitigate their
intermittent output power [30]. However, the installed capacity
of batteries is still small and the cost is relatively high, more
attention has been paid to flexible loads [31], [32]. Heating,
ventilation, and air conditioning (HVAC) is one of the most
important flexible loads in urban distribution networks [33]
since they account for a large proportion of the total power
consumption (e.g., more than 40% in many cities around the
world) and thus have a huge regulation potential [34]. Also,
the indoor temperature can be guaranteed in comfortable ranges
during the regulation process by utilizing buildings’ thermal
storage characteristics [35]. Therefore, HVACs are suitable to
be controlled as flexible regulation resources [36]. Liu et al. [37]
propose a deep reinforcement learning algorithm to achieve the
optimal and automated control of HVACs, which can balance
the electricity costs and users’ comforts. Mohammad et al. [38]
develop a transactive control method for HVACs to modify the
operating power at peak hours. Behboodi et al. [39] propose a
market-based transactive control method for HVACs to achieve
fast-acting to real-time retail electricity prices. Moreover, Shen
et al. [40] design a two-tier transactive control scheme for real-
time congestion management in distribution networks. Pinto
et al. [41] propose a decision support model to optimize small
players’ negotiations in multiple alternative market opportuni-
ties. However, the existing studies still have some drawbacks on
the regulation of HVACs in the real-time LEM, mainly in the
following three aspects.

1) Most existing studies focus on regular fixed-speed
HVACs, whose compressors can only operate in two
modes (i.e., ON and OFF) to adjust the indoor temperature,
as shown in Fig. 1(a) [42]. Note that this article assumes

- — Operating power ’ = Operating power /
Phvaci —— Indoor temperature b Pavac, —— Indoor temperature 0
Set Set
value value
Rated Rated
power powcr\/\ p]_‘l‘\F/’ACi
Pivhei PiYRE: domn
PRvac.
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(a) (b)
Fig. 1. HVACs operating power and corresponding indoor tempera-

ture. (a) Regular fixed speed HVAC. (b) Continuously adjustable HVAC.

the HVAC operates in a cooling state in summer. When the
indoor temperature reaches the upper limit of the user’s set
temperature, the HVAC is switched ON. By contrast, when
the indoor temperature reaches the lower limit of the set
temperature, the HVAC is switched OFF [43]. Therefore,
the power consumption of regular fixed-speed HVACs
can only be switched between the rated power P c ;
and zero power [44]. Furthermore, one HVAC only has
one regulation direction at any time, i.e., its power can
only be reduced to zero when the HVAC is operating
in ON-mode [i.e., Pﬁ%"j’&i in Fig. 1(a)]; its power can
only be increased to the rated value when the HVAC is
operating in OFF-mode [i.e., Py ; in Fig. 1(a)]. This
is unfavorable for the flexible control of HVACs in the
real-time LEM. Apart from this kind of regular fixed-
speed HVACs, HVACs with inverter devices can change
their operating power continuously and flexibly, as shown
in Fig. 1(b). Based on the market analysis report [45],
the market share of inverter-based HVACs is expanding
rapidly and has exceeded the share of regular fixed-speed
HVAC:s. Therefore, inverter-based HVACs have a huge
regulation potential and are suitable to participate in the
real-time LEM [46] while there are few targeted studies
on the transactive control of inverter-based HVACs in
real-time LEM.

2) Most existing studies assume that HVACs users can sub-
mit the transactive capacities to the market by themselves,
i.e., the available decreasing or increasing quantities of
HVACs power consumption [47], [48]. However, in re-
ality, small end-users (e.g., residential users and small
commercial users) have no professional knowledge or
ability to quote the transactive capacity. Most of the
small end-users do not even know the power consumption
of various appliances at a different time in a day and
surely cannot submit their transactive capacities to the
real-time LEM. Furthermore, compared with the constant
regulation capacity from regular fixed speed HVACs [i.e.,
PEYRG.: = Piivac,s = PiVac,; in Fig. 1(a)], the trans-
active capacity evaluation of the inverter-based HVAC
[i.e., Pﬁ{’,AC’i and Py, . in Fig. 1(b)] is more com-
plex because the inverter-based HVACs operating power
Pﬁ%iétj (t) is related to variable surroundings, including
the real-time indoor temperature, the user’s set tempera-
ture and the ambient temperature. To complicate matters
further, even though we can monitor the ith inverter-based
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HVACs operating power Ppaer(t) and obtain its trans-

active capacities as follows:

Pivac.(t) = Piic,: — Pivac;(t)Vi € LVt € T
P (1) = ngeggﬁj(t) VieINteT
(D

where 7 and T are the set of HVACs and time slots, respec-
tively. Symbols Pi\ac ;(t) and PYRg () are the maximum
up and down adjustable capacities, respectively. These two
values are calculated purely from a physical perspective and
cannot be regarded as the available transactive capacities of the
inverter-based HVACs because the user’s comfort requirement
on the indoor temperature during the regulation process is not
considered in these maximum adjustable capacities. That is
to say when the regulation duration time, the user’s comfort
constraints and uncertain surroundings are considered. The ac-
tual available transactive capacities of inverter-based HVACs
probably become smaller than the values calculated in (1).
According to the social-behavioral survey on load regulation
projects in New York and Texas in the U.S. [49], both the comfort
and benefit in the market are the main concerns of electricity
users. Therefore, to make the inverter-based HVACs regulation
executable, in reality, the up-and down-regulation capacities
should be evaluated comprehensively to fully utilize the HVACs
regulation potential to improve users’ benefit while maintaining
users’ comfort all the time. To the best of our knowledge, there
is no targeted research on the intelligent transactive capacity
evaluation method of inverter-based HVACs for participating in
the real-time LEM.
3) Many existing studies on LEM are based on the itera-
tive bidding framework to achieve the global optimum
(e.g., maximizing the system profit or minimizing the
system cost) [S0]-[53]. The general process is as follows:
First, the distribution system operator (DSO) collects the
participants’ quoting prices in the distribution network,
such as the transactive capacities and bidding prices from
end-users, and the power generation capacities and offer
prices from DERs. Then, these data are packaged and
submitted to the wholesale market, where the independent
system operator (ISO) can clear the system’s electricity
price. Based on the clearing electricity price from the
main grid, the DSO reoptimizes the prices in the LEM
for maximizing its profit or minimizing the distribution
network’s cost. These updated prices are then broadcast to
the participants in the LEM, and each participant submits
its quoting information again. This iterative process will
end until the DSOs profit does not increase or the distribu-
tion network’s cost does not decrease. However, in reality,
small end-users of inverter-based HVACs cannot be on
call day and night to submit their transactive capacities.
This causes many studies on load regulation to be hard to
implement extensively in practice.
To fill the above research gaps, the main contributions of this
article can be summarized as follows.
1) A real-time LEM is proposed considering multiple par-
ticipants, including inverter-based HVACs, PVs, wind
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Fig. 2. Framework of the real-time LEM considering multiple DERs

and inverter-based HVACs.

turbines, and diesel generators. This real-time LEM
avoids the need for iterations to decrease the participation
difficulty for small end-users.

2) A transactive capacity evaluation method of inverter-
based HVAC:s in the real-time LEM is proposed, which
considers the regulation duration time, the dynamic am-
bient temperature, the building’s heat conduction, the air
ventilation, and the user’s multiple comfort requirements.

3) A multilevel bidding method for the inverter-based HVAC
is designed based on its transactive capacity and historical
distribution locational marginal prices (D-LMPs), which
achieves the decrease of user’s energy cost, the increase
of DERSs local utilization rate, and the alleviation of
distribution network’s power congestion.

The rest of this article is organized as follows. Section II
presents the framework and the optimization model of the real-
time LEM. Section III shows the transactive capacity evaluation
method and the multilevel bidding strategy of inverter-based
HVACs. Numerical studies are presented in Section I'V. Finally,
Section V concludes this article.

1. REAL-TIME LEM
A. Framework of the Real-Time LEM

The framework of the real-time LEM is shown in Fig. 2. From
the topology perspective, each distribution network is connected
with the main grid through the tie-line. In this manner, the
distribution network can import/export electricity from/to the
main grid. From the system operator perspective, the ISO is
responsible for clearing the wholesale market and maintaining
the main grid balance. The DSO is in charge of clearing the LEM
to optimize the distribution network.

In the distribution network, the DERs include PVs, wind
turbines, and diesel generators. The loads are divided into two
categories: 1) conventional unchangeable loads and 2) adjustable
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Fig. 3. Bidding blocks of DERs and loads to maximize the social
welfare.

loads. Specifically, in this article, inverter-based HVACs are
considered as adjustable loads due to the flexible regulation
characteristic and huge power consumption share in realistic
power systems. Therefore, the participants in the real-time LEM
can be summarized as follows: the main grid, PVs, wind turbines,
diesel generators, and inverter-based HVACs.

B. Optimization Model of the Real-Time LEM

The time slot of the real-time LEM is assumed to be 15 min
(e, T ={t|t =1,2,...,96} for one day). In the preoperat-
ing slot (i.e., 15 min earlier), all the participants submit their
active energy bids and offer to the DSO in block forms. As
shown in Fig. 2, on the demand side, loads submit the bidding
prices w39 (¢) and energies P5¢*(t); on the supply side, DERs
(including PVs, wind turbines, and diesel generators) offer the
output energy quantities P35, (¢) and prices mjie® () to the
DSO. Considering this article mainly pays attention to the energy
trading within the distribution network, the DSO is assumed to be
a price-taker from the ISO (i.e., 73l (¢) in Fig. 2). Based on the
above bids and offers from all the participants, the DSO can clear
the D-LMPs and active energy quantities at each distribution
network’s bus [54]. The objective of the optimization model is
to maximize the social welfare. As shown in Fig. 3, the social
welfare is defined as the total benefits on the demand side minus
the total costs on the supply side. Hence, the objective function
can be expressed as

Max ZB

YicINVjeJ ()

whereZ = {i|i = 1,2,..., I}and J = {j|j = 1,2,..., J}are
the set of participants on demand and supply sides, respectively.
Symbols B; and C; are the ith participant’s benefit on demand-
side and the jth participant’s cost on supply-side, respectively.
As shown in Fig. 3, each block means the available energy and
the corresponding price of one DER or some DERs (because
some DERs may have the same bidding prices). Just like most
electricity markets around the world, the prices from distributed
PVs and winds are set as zero. The prices from diesel generators
and the main grid increase with the increase of the offered energy.

J
bld@) _ Z C] (Poffers gf‘f]ers)

Jj=1

blds
D,i »

Based on the above bids and offers from all the participants, the
DSO can clear the D-LMPs and active energy quantities at each
distribution network’s bus.

The optimization model is subject to the power balance con-
straint at each bus, which is expressed as

PG — PE =500 Vi Vi [Ga cos (0, —6;) + By sin(6, — ;)]

QG Qk —ZNb“ ViVi [le sin(@k — 6;)+Bkl COS(@k—tgl)]
V(k,1) € Nous
3)

where P¢ and P} are the generated and absorbed active power
at the kth bus, respectively; V}, and V] are voltage magnitude at
the kth and /th bus, respectively; G; and By, are the element’s
real part and imaginary part of the bus admittance matrix,
respectively; 05 and 6; are the voltage angles at the kth and I/th
bus, respectively; QE and Q} are the generated and absorbed
reactive power at the kth bus, respectively; MV, is the set of the
distribution network’s buses.

Moreover, the optimization model is subject to some inequal-
ity constraints, including

P < Py < PR )
Q5p" < Qsp < Q55™ )
Vo <V < VRYE € Nius 6)
Sy, — Sp < 0Vh € Mine @)
0 < PRl < Poiemayj e 7 ®)

NN
cos poen.; = PRI /(PR + (@R, Vi € 7

9)
PRt () — PREES(t — 1) S URpgg ;Vj € J (10)
PR (t— 1) — PO (t) < DRpgg ;Vi € T (11)
P]l))lzi@ min < Pblds < Pbld@ max VZ c T (12)

where (4) and (5) are constraints of the active power Psp
and reactive power (Qsp on the slack bus (i.e., the interconnec-
tion bus between the distribution network and the main grid),
respectively. The superscripts (-)™" and (-)™#* indicate the
minimum and maximum values of the quantity, respectively.
Equation (6) is the constraint of the voltage magnitude V}, at
the kth bus. Equation (7) indicates the constraint of the apparent
power transfer Sy, at the Ath line. In this article, the maximum
line’s capacities S}'** are regarded as hard constraints of the
optimization. Equations (8) and (9) are the jth DERs active power
PB%‘“‘I’{S] and reactive power QODHEGQ ; constraints, respectively,
where DERs are assumed to operate at a constant power factor
COS YDER,;- BEquations (10) and (11) are the constraints of the
Jth DERs ramp rates, in which URppg ; and DRpgy ; are the
ramp-up and ramp-down rate limits of the jth DER, respectively.
Equation (12) is the ith load’s operating power constraints.
Generally, the distribution network’s constraints in (4)—(7)
and the DERs constraints in (8)—(11) are fixed or can be
predicted by some off-the-shelf methods [55]. By contrast, the
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available regulation capacity constraints of loads in (12) are
bids,min

complex. As for inverter HVACs, the values Py, and
Pgi\?/i’gt 2% are related to many changeable factors, including

the real-time LEMSs regulation duration time (e.g., 15 min),
the user’s comfort constraints (e.g., the maximum indoor tem-
perature deviation is 1 °C), the variable ambient temperature,
the building’s heat conduction, and the building’s ventilation
rate. Therefore, the evaluation method considering multiple
factors is one of the key problems for promoting inverter-based
HVAC:s to participate in the real-time LEM, which is presented
in Section III.

IIl. TRANSACTIVE CAPACITY EVALUATION AND MULTILEVEL
BIDDING STRATEGY OF INVERTER-BASED HVACS

A. Modeling of Inverter-Based HVAC

To study the operating characteristic and power consumption
of the inverter-based HVAC, the corresponding building’s ther-
mal model should be developed, which can be expressed as

do; (t
C; di ) = Hcond,i(t) + Hvent,i (t) — Havac,i ()
VieIVteT (13)

where C; is the building’s thermal capacity; 6; is the indoor
temperature; Hypvac,; is the cooling capacity from the inverter-
based HVAC. Symbols Hcona,s and Hyent,; indicate the heat
gains through conduction and ventilation, respectively, which
can be calculated as

Heonas(t) = (8o(t) — 0:(8))/Re Vi€ TVt e T
Hyent,i (t) = Civi(t)(0,(t) — 0;(t))Vi € Z,Vt € T

where 0, is the ambient temperature; R; is the building’s thermal
resistance; v; is the building’s ventilation rate.

The inverter-based HVACs cooling capacity depends on its
operating power, whose relationship can be expressed as

HHVAC,i(t) =1 ~PHVAC7¢(t)VZ' S I, Vte T (15)

where 7); is the energy efficiency ratio; Pyvac,; is the inverter-
based HVACs operating power, which can be flexibly regulated
by adjusting the compressor’s rotating frequency

PHVAC,i(t) = §Zfz(t) +o,Vi e LVt € T

where f; is the compressor’s rotating frequency; symbols &;
and o; are coefficients of the operating power and compressor’s
rotating frequency, respectively.

(16)

B. Transactive Capacity Evaluation of Inverter-Based
HAVC

Based on (13)—(15), we know that the indoor temperature
0; will be affected when the inverter-based HVAC adjusts its
operating power Pyvac,;. In the real-time LEM, if we want
to guarantee the user’s comfort constraint during the regu-
lation process, the relationship between the indoor tempera-
ture deviation Af; and the adjustment value of the operat-
ing power APyyac,; should be derived considering multiple
changeable factors, such as the ambient temperature 6,, the
ventilation rate v;, and the regulation duration time 7Tp. To

—— Operating power —— Operating power 67
—— Indoor temperature —— Indoor temperature
----- Fitting curve ---=- Fitting curve __~"

>

Puvac " Prvac,

o'

S <6}

reg
PHVAC,i

1 pdown
i Pivaci

reg
PHVAC,i

o} ti Time t ty

(2) (b)

Fig. 4. Inverter-based HVACs regulation process in cooling state in
summer. (a) Up-regulation. (b) Down-regulation.

address this issue, we can substitute (14) and (15) into (13)
and get

{Ci defigt) =7i(t) - (0o(t) — 0i(t)) — ni Pavac.i(t)
~vi(t) = (1 4+ R;Civi(t))/RNi € ZNt € T

a7

where ;(t) is the equivalent heat transfer coefficient of the ith
building. It is assumed that the regulation begins at time ¢; and
ends at the time ¢y (i.e., the regulation duration time Tp = ti1 —
t1). Then, we can solve the definite integral of both sides in (17)

S Cadhi () = [ i (8)(8o(t) — 0:(t)) — miPrvac,:(t)]dt,
& Ci(0F — 08) = [y (1)0,(t)dt — [ vi(t)0;(t)dt

t1

— " niPavac.(t)dt,¥i € TVt € T.

(18)
where 0} and 61! are the indoor temperatures at the time ¢; and
t11, respectively.

Note that the inverter-based HVACs operating power can be
regulated both up and down based on the bidding results in
the real-time LEM. Therefore, the indoor temperature devia-
tion during the regulation process (i.e., Af; = 6} — 6}) can
be positive and negative values in down- and up-regulation
conditions, respectively. It is assumed that the inverter-based
HVACs in this article operate in a cooling state in summer.
Then, the relationship between the operating power regulation
capacities and the indoor temperature deviations is shown in
Fig. 4. The indoor temperature will be decreased after raising the
operating power, and vice versa. During the regulation process
in a one-time slot, the inverter-based HVACs operating power
PIfICéAQ ; 1s assumed to be fixed to constantly provide regulation
capacity for the power system. The average ambient temperature
and ventilation rate are assumed to be 628 and v/;"®. Then, (18)
can be derived as

t11
Ci(0;"—0)) =Tp~;"e65e 7/ i 80;(t)dt —Toni Puyac

ty

avg pavg (pll _ pl avg ti
re Vi 0 C’L(G 9) Vi
o P g = o — 'L (EA— 61 t)dt
HVAC,: i TDTh TD'rh t ( )
VieZ,VteT. (19)

Equation (19) indicates that if we want to obtain the inverter-
based HVACs adjustable operating power P;R%Acyi, the integral
of the indoor temperature 6;(t) from time ¢; to ¢y should be
calculated. However, as shown in Fig. 4, the variation curve of
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Fig. 5. Adjustable value of the inverter-based HVACs operating power
in cooling state in summer. (a) Regulation duration time is 15 min.
(b) Regulation duration time is 30 min.

the indoor temperature 6;(t) is hard to be expressed as explicit
formulae. To address this issue, we approximate the indoor
temperature deviation as a monotonic linear function

o1 — !
0;(t) = 0} + -——LtVi € Z,Vt € [ty t].  (20)
tir — tr
Substituting (20) into (19) yields
pre R0 Ci(0M - o)
HVAC,:i i TDnz
ave (gIl 4 gl

_ w Vi e T. QD

2n;

In (21), parameters of the building, the inverter-based HVAC,
and the ambient (e.g., C; , 7%, 1;, 62V8) depend on the physical
quantities themselves while not the users or the real-time LEM.
The initial indoor temperature 6! is a real-time measurement
value. The users can only decide the remaining two quanti-
ties, the regulation duration time 71 and the desired indoor
temperature after regulation 6}'. Therefore, (21) can be re-
garded as a function of two variables, i.e., Pyyac (T, 0;')-
When the regulation duration time 7p is determined, we
can get the relationship between the adjustable temperature
6 and the adjustable power Pirvac,; in different inertia
scenarios 011-.

As shown in Fig. 5, the adjustable value of the inverter-
based HVACs operating power during the regulation process
is calculated based on two scenarios, i.e., the regulation du-
ration time Tp is set as 15 min and 30 min, respectively.
The inverter-based HVAC is operating in a cooling state in
summer, whose parameters are shown in detail in Appendix
A. The diagonal elements of the matrix in Fig. 5 indicate that
the indoor temperature maintains constant during the regulation
process. With the decrease of the set indoor temperature, the
inverter-based HVACs operating power will be higher (e.g., it
is 2.132 kW in 0! = 0! = 22-°C scenario and 1.427 kW in
0} = 61 = 26-°C scenario). Moreover, with the increase of the
initial indoor temperature 911-, the inverter-based HVAC has to
operate with a larger power to reach the same target temperature
6. For example, in Fig. 5(a), the operating power is increased
from 2.132 kW in 6! = 22-°C scenario to 2.602 kW in 6 =
26-°C scenario for reaching the same indoor temperature 611 =
22 °C. Besides, by comparing Fig. 5(a) and (b), it can be seen

0.8193 0.5348 0.2621." 0 0.5828 0.3772 0.1833.7° 0

0.5638 0.276,-7 0 - 0.2654 0.401 0.1947.-7 0 .- 0.184

PYLe) 05956 0.2913,-7 0 0.2796 0.5485 0 0.19550.3804

0.29510.5784/0.8512] 0

PRRe]0-3081.77 0 0.2081 0.4045 0.5902

0 0.31210.6112 0.222 0.431

22°C 23°C 24°C 25°C 26°C 22°C  23°C 24°C 25°C 26°C

@ (b)

Fig.6. Up- and down-regulation capacities of the inverter-based HVAC
in a cooling state in summer with the comfortable constraints 22—-26 °C.
(a) Regulation duration time is 15 min. (b) Regulation duration time is 30
min.

that with the increase of the regulation duration time 71, the left
upper triangular matrix elements become larger and the right
lower triangular matrix elements become smaller. Because the
left upper triangular matrix elements mean the indoor temper-
ature is increased from 0! to 6! after the regulation (i.e., the
down-regulation scenario), in which longer duration time can
decrease the power reduction value. By contrast, the right lower
triangular matrix elements mean the indoor temperature is de-
creased from 6! to 6! after the regulation (i.e., the up-regulation
scenario), in which alonger duration time can decrease the power
increment value. To sum up, a longer duration time can decrease
both up- and down-regulation capacities of the inverter-based
HVAC.

In the practical execution process, the minimum and maxi-
mum indoor temperature deviations are generally set by the user
in advance (i.e., 0" < §; < §%%). Then, the maximum avail-
able up-and down-regulation capacities of the inverter-based
HVAC can be calculated as:

Pyvacs = Pavac,i(To, 0"™) — Pavac.i(t) VieT

Pﬁ%ﬁ%?” = Puvac,i(t1) — Pivac,i(Tb, 07 )Vi € T
(22)
where Py$sc;(Tp, 07™) and Pyésc ;(To, ) should be
within the inverter-based HVACs operating power range
0, PR
Based on the inverter-based HVACs parameters in Fig. 5, its
up- and down-regulation capacities in cooling state in sum-
mer can be calculated as Fig. 6 (6 = 22 °C, 2 = 26
°C). The diagonal elements of the matrix indicate different
initial indoor temperature 6#!. When the indoor temperature
remains constant (i.e., 011 = 1), the inverter-based HVAC does
not provide up- or down-regulation capacities (i.e., zero ele-
ments). When the indoor temperature decreases (i.e., 011 < 01),
the inverter-based HVAC can provide up-regulation capacity
(i.e., lower triangular matrix elements). When the indoor tem-
perature increases (i.e., 0X! > 0l), the inverter-based HVAC
can provide down-regulation capacity (i.e., upper triangular
elements).

C. Multilevel Bidding Strategy of Inverter-Based HVAC

The evaluated up- and down-regulation capacities in (22)
are the maximum allowable adjustable values, which cannot
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Fig. 7. Dynamic multilevel bidding strategy of the inverter-based HVAC
in the real-time LEM.

be utilized directly to bid in the LEM. Because the bidding
quantities should be submitted with corresponding prices in
block forms, as shown in Fig. 7. The horizontal coordinate is
the bidding quantity of the ith inverter-based HVACs power
consumption, and the vertical coordinate is its bidding price.
The objective of the multilevel bidding strategy is to decrease
the electricity cost and maintain the indoor temperature always
within the user’s constraints. Then, the bidding blocks in Fig. 7
can be divided into the following three conditions.

1) When the D-LMP is within the normal range, the indoor
temperature is regulated to be equal to the set value (i.e.,
the most desired indoor temperature).

2) When the D-LMP is at a high level, the inverter-based
HVACs power consumption will be decreased to reduce
the electricity cost. This process can cause a slight in-
crease in the indoor temperature while it is still within the
allowable adjustment range.

3) When the D-LMP is at a low level, the inverter-based
HVACs power consumption will be increased to decrease
the indoor temperature within the allowable adjustment
range.

In this manner, the building can reserve some cooling capac-
ities to obtain more down-regulation capacity to decrease the
electricity cost during high D-LMP periods. Based on these three
conditions, the multilevel bidding quantities of inverter-based
HVAC:s are designed as following five blocks:

Pvaci(t) = Pvacs = Piréac,i(Th, )
PRRG (1) = PRVR (1)

= (Pivac,i(Tp, 05°) —
PRVRE (6 = PRVRE (1)

= (Pféac.(To, 0™ = Py (T

VieIVteT.

Pifaca(To,07)) /2

b, 65) /2

(23)
where blocks 1 and 5 are the minimum and maximum operating
power, respectively, for maintaining the comfortable indoor tem-
perature requirement. Block 3 is Pijfac (I, 05° ) to recover

the indoor temperature to the set value. The remaining two

blocks 2 and 4 are for adjusting the indoor temperature to the
middle states, to save cost, and to reserve energy, respectively.

Apart from the bidding quantities in (23), the corresponding
bidding price strategies should also be designed. First of all, to
guarantee the basic (i.e., the minimum) operating power of the
inverter-based HVAC in block 1, the bidding price in the first
block is set to be equal to the cap value

ﬂ,?f?s’l(t) =7 PVi € I,Vk € Nous, VE €T (24)

where ;" is the price cap at the kth bus (i.e., the permissible
maximum bidding price in the real-time LEM); wzlds !is the ith
HVAC:s first block bidding price at the kth bus.

The proposed bidding price strategy refers to the historical
D-LMPs in previous hours T}, which can be equal to 4, 16, 438,
and 96 when previous periods of 1 h, 4 h, 12 h, and 24 h are
considered. Specifically, the bidding price strategy refers to the
minimum D-LMP Wmmp( ) and the average D-LMP WZY%F (t) in

previous periods T},, which are calculated as

712‘%1 (t) = min[mg(t — 1),...,m(t — Tp)],
g, (1) = 7= 302 p, T(T)VE € Nous, V(E,7) € T
(25)
Then, the bidding prices of blocks 2—5 can be designed based
on the D-LMPs changing trend. During the D-LMPs rising trend
(e, mp(t—1) > wavg (1)), the bidding prices are setas follows:

Co 2 (0) = mult = 1), w70 = w0
s (8) = (g (8) + R (1))/2 (26)
M= (t) = mpPin (1) Vi € I,k € Nopus, VE € T

By contrast, during the D-LMPs downward trend (i.e., 7y (t —
1) <77 - (). the bidding prices are set as follows:

blds 2 av bids,3
() = mer, (0),m05 7 (8) = et — 1)

)
“m4@)= Te(t = 1) + amE (1))/2
T 2(t) = amPi (t) Vi € T,V € Niws, VEE T

27)

where « € [0, 1] is the adjustment factor for decreasing the
bidding price of block 5. In this manner, the inverter-based
HVAC canreserve more up-regulation capacity to utilize cheaper
electricity prices during the D-LMPs downward trend.

Each inverter-based HVACs multilevel bidding strategy in
(23)—-(27) will be regulated dynamically in real time accord-
ing to its operating state, the current indoor temperature, the
user’s desired temperature, the regulation duration time, the
local ambient temperature, and the latest historical D-LMPs. In
this manner, all the inverter-based HVACs bidding strategies are
customized and flexibly regulated based on their operating states
and the price clearing results in the real-time LEM, to decrease
the user’s electricity cost and maintain their comfortable indoor
temperature requirements all the time.

The implementation procedure of the real-time LEM for the
distribution network is shown in Fig. 8. The first step is to set
the parameters for the distribution network, loads, inverter-based
HVACs, DERs, and the main grid. Then, the DSO obtains the
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Fig. 8.
network.

Implementation procedure of the LEM for the distribution

electricity prices and quantities from the ISO in the second step
and DERs in the third step, respectively. Next, according to
(13)—(22), the transactive capacities of inverter-based HVACs
are evaluated based on the buildings’ current states. According
to (23)—(27), the multilevel bidding strategy is obtained based
on loads’ transactive capacities and historical prices. According
to (2)—(12), the DSO executes the optimization model of the
real-time LEM to obtain D-LMPs in the distribution network.
Based on the clearing results, DERs generate energy and loads
consume energy, respectively. Finally, the operating data in the
distributed network are monitored for the settlement of DERs
and loads. If another market session will be executed (i.e.,
t < T), steps 2—8 will be carried out again.
There are mainly four information exchange processes that
are as follows.
1) The main grid (i.e., the ISO) provides the electricity prices
and energy quantities to the distribution network (i.e., the
DSO) with the communication time of around 50 ms [56].
2) DERs (including PVs, wind turbines, and diesel genera-
tors) offer the output energy quantities and prices to the
DSO with the communication time of around 50 ms [57].
3) The transactive controllers of HVACs obtain the current
indoor temperatures with the communication time of
around 10 ms [28]. On this basis, the transactive con-
trollers can evaluate the available regulation capacities
for providing bidding capacities and prices to the DSO.
4) HVACs adjust their power consumptions, which can
change the indoor temperatures to further impact the next
time-slot’s available regulation capacities.
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Fig. 9. 84-bus distribution network with distributed PVs on 9 buses,
wind turbines on 3 buses, diesel generators on 3 buses, and dispatch-
able inverter-based HVACs on 29 buses.

The models and methods are formulated in MATLAB R2019b
on a computer with Intel (R) Core (TM) 17-9700 CPU, clocking
at 3.00 GHz and 16.0-GB RAM. The execution time for clearing
the market is 0.3241 s for each dispatch time slot. The total
execution time is 0.4341 s, which is enough for the real-time
LEM because the informatics process and calculation are carried
out in the pre-operating slot (i.e., 15 min earlier).

IV. NUMERICAL STUDIES
A. Test System

The proposed models and methods are tested based on a
realistic 84-bus distribution network of Taiwan Power Company,
as shown in Fig. 9 [58], [59]. The distribution network is a radial
topology and connects with the main grid through one slack bus
(i.e., all the letters A—K in Fig. 9 indicate the slack bus). Numbers
1-83 indicate the distribution network’s buses. All the buses
have fixed loads, whose power consumption changes with time
while cannot be regulated, as shown in Fig. 10(a). The voltage
limitation of the distribution network is +10% of its nominal
value. The current limitations of feeders are between 60 and
275 A. Besides, letters A-M in Fig. 9 indicate the slack bus,
which is connected with the main grid through two 20 MVA,
33/11.4-kV transformers. The real-time electricity price of the
main grid adopts the realistic data in the PIM market in the U.S.,
as shown in Fig. 10(a).

Dispatchable inverter-based HVACs are distributed on 29
buses, as shown in Fig. 9. Each bus has 400 inverter-based
HVACs, whose operating number is dynamic during a day
depending on the users at home and the ambient temperature,
as shown in Fig. 10(b). The indoor temperature is set randomly
by the users between 23 °C and 25 °C. The maximum allow-
able indoor temperature deviation is £ 2 °C. It is assumed
that each inverter-based HVAC is equipped with a transactive
controller, which is authorized by its user to make decisions
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Fig. 10. Initial parameters of the 84-bus distribution network. (a) Total
power of fixed loads and real-time price on the slack bus. (b) Dynamic
operating number of HVACs and ambient temperature. (c) Fluctuating
output power of wind turbines. (d) Fluctuating output power of PVs.

and participate in the real-time LEM. The transactive capacity
evaluation method and multilevel bidding strategy in (21)—(27)
have been built-in to the transactive controller. Other parameters
of inverter-based HVACs and buildings’ thermal characteristics
are shown in detail in Appendix A.

The DERs in the distribution network include PVs on 9 buses,
wind turbines on 3 buses, and diesel generators on 3 buses, as
shown in Fig. 9. The wind turbines’ and PVs’ output power are
based on the realistic tested data in China, as shown in Fig. 10(c)
and (d), respectively. The diesel generators on buses 53, 69,
and 83 have the same capacity of 0.66 MW. Each bus has 4
diesel generators to offer constant quantity with constant prices
as follows: 0.66MW@$100/MWh, 0.66MW @$150/MWh,
0.66MW @$200/MWh, 0.66MW @ $300/MWh. The time slot of
the real-time LEM is 15 min.

Two cases are analyzed in this section. Case 1: Inverter-based
HVACs do not participate in the real-time LEM; Case 2: the
operating inverter-based HVACs in the distribution network
participate in the real-time LEM with T}, = 4.

B. Results Analysis of Dispatchable Inverter-Based
HVACs

As shown in Fig. 11(a), the operating power of inverter-
based HVACs on 29 buses fluctuates with time in Case 1, all
of which reach peak values at around 14:00-16:00. The first
reason is that the ambient temperature is the highest at that
time. The second reason is that the number of inverter-based
HVACs in the ON-state is large during that period, as shown in
Fig. 10(b). By contrast, Fig. 11(b) shows the operating power
of inverter-based HVACs on 29 buses in Case 2, which has
more fluctuations compared with the load curves in Fig. 11(a).
This is because the inverter-based HVACs’ operating power is
not only impacted by the ambient temperature and ON-state’s
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Fig. 11. Results of dispatchable inverter-based HVACs in real-time
LEM. (a) Operating power of inverter-based HVACs on 29 buses in
Case 1. (b) Operating power of inverter-based HVACs on 29 buses in
Case 2. (c) Regulation power of inverter-based HVACs in the real-time
LEM. (d) Dynamic indoor temperature during HVACs regulation process.

number but it is also regulated based on the bidding results in
the real-time LEM. In other words, the proposed real-time LEM
motivates some “free” regulation capacities in the distribution
network from transactive inverter-based HVACs since they react
to D-LMPs.

The transactive capacities are shown in Fig. 11(c), where
positive values indicate increasing the inverter-based HVACs
operating power to reserve cooling capacities in buildings during
low D-LMP periods. By contrast, the negative values mean
decreasing the inverter-based HVACs operating power to save
energy cost during high D-LMP periods. This regulation process
also has influences on the indoor temperature. As shown in
Fig. 11(d), the indoor temperatures will not always be equal to
the set-point values, while they fluctuate within their allowable
deviation ranges + 2 °C. This comfort constraint verifies the
effectiveness of the proposed transactive capacity evaluation
method on inverter-based HVACs.

C. Impact Analysis on the Distribution Network

Transactive inverter-based HVAC:s in the real-time LEM have
many impacts on the operation of the distribution network. First
of all, the network congestions are reduced evidently, as shown in
Fig. 12(a). The maximum apparent power through line 65-66 is
2.97 MVA. Congestion occurs on this line at 10 time slots (i.e.,
13:45-15:45 and 16:45) in Case 1, due to the large operating
power of loads. After the regulation of HVACs operating power
in Case 2, the congestion occurrence is significantly reduced to
only one time slot (i.e., 16:45). The relief of line congestion
is also reflected in the D-LMP at bus 66 and in the operation
state of diesel generators on bus 69, as shown in Fig. 12(b) and
(c), respectively. During the congestion time slots in Case 1,
the diesel generators on bus 69 provide power to the loads on
bus 66, which improves its D-LMP in the time 13:45-15:45.
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Fig. 12.  Impact analysis on the distribution network of inverter-based
HVACs. (a) Apparent power through the line 65-66 in two cases. (b)
Distribution locational marginal prices on the bus 66 in two cases. (c)
Output power of diesel generators on the bus 69 in two cases. (d) Export
power of local renewable energies to the main grid.

TABLE |
ELECTRICITY COST-SAVING UNDER DIFFERENT PARTICIPATION RATES

Participation Rates of HVACs 0% 25% 50% 100%
Total cost of inverter-based HVACs ($) 10,367 8488 7,969 7,568
Cost-saving of inverter-based HVACs ~ N/A  18.12% 23.13% 27.00%
Total cost of all the loads ($) 20,794 18,290 17,612 17,254
Cost-saving of all the loads N/A  12.04% 15.30% 17.02%
Reverse energy of renewables (MWh) 3.34 2.59 2.21 0
Output energy of diesels (MWh) 5.13 4.01 3.88 3.63

Table I shows that the total output energy of diesel generators
decreases from 5.13 MWh to 3.63 MWh when inverter-based
HVAC: participate in the real-time LEM. Besides, another peak
power generation period of diesel generators occurs at 16:00—
16:30 in Fig. 12(c), because the real-time electricity price of the
main grid is very high at this period and exceeds the bidding
price of diesel generators. It results in the increased utilization
of local diesel generators.

Furthermore, transactive inverter-based HVACs make more
distributed renewable energies be utilized locally. As shown
in Fig. 12(d), around 3.34-MWh output energy from PVs and
wind turbines have to be exported to the main grid in Case 1,
because the output power of local renewable energies exceeds
loads’ consumed power in some time slots. However, when
inverter-based HVACs participate in the real-time LEM in Case
2, the exported energy becomes zero. This is because renewable
energies’ bidding price is assumed to be zero, and inverter-based
HVACs will vary their power consumption proportionally to the
output power of renewable energies to reduce the cost.

D. Discussions and Comparisons of Different
Participation Rates and Bidding Strategies

Table I shows the electricity cost-saving results under dif-
ferent participation rates of inverter-based HVACs. It can be

~ 1400 10500 329

e ——Case 1 10,367 —— Total cost &

& 1200 ——Cased 2 10000 T Cost saving percentage =
< The total clectricity cost @ 27% 128% s
Z 1000 ofinverter-based HVACS 2 9500 ( 2
% goo | on 29 busesis decreased. E £
z 5 9000 23.13% 24% @
S 600 g £
z S 8500 2
g 400 :: 20% %
2 200 S 8000 S
B 7,568

T 9 7500 16%
S 00:00 04:00 08:00 12:00 16:00 20:00 24:00 0% 25% 50% 100%

Time (h) Participation rate of inverter-based HVACs
(@) (b)
Fig. 13.  Cost of inverter-based HVACs in the real-time LEM. (a) Cost

of inverter-based HVACs. (b) Participation rate impacts on the cost.

TABLE Il
ELECTRICITY COST-SAVING UNDER DIFFERENT BIDDING STRATEGIES

Historical time horizons of T' 4 (1h) 16 (4h) 48 (12h) 96 (24h)
Total cost of inverter-based HVACs ($) 7,568 7,398 7,514 7,423
Cost-saving of inverter-based HVACs  27.00% 28.64% 27.52% 28.40%
Total cost of all the loads ($) 17,254 17,051 17,214 17,081
Cost-saving of all the loads 17.02% 18.00% 17.22% 17.86%

Reverse energy of renewables (MWh) 0 0 0 0
Output energy of diesels (MWh) 3.63 3.62 3.62 3.65

seen that the total cost of inverter-based HVACs continuously
decreases with the increase of participation rate. For example, it
decreases from $10367 in the 0% scenario to $7568 in the 100%
scenario, which falls by around 27%. As shown in Fig. 13(a),
the cost of inverter-based HVACs reduces most of the time
during the day. Furthermore, the transactive energy framework
for inverter-based HVAC:s also contributes to the decrease of the
total cost of all the loads. It can be seen from Table I that the
total cost decreases from $20 794 in the 0% scenario to $17254
in the 100% scenario. The total cost falls by around 17.02%
because the interactive regulation of inverter-based HVACs re-
duces the D-LMPs, which are also the settlement prices of con-
ventional unchangeable loads. In addition, the exported energy
of distributed renewable energies to the main grid continuously
decreases from 3.34 MWh to 0 MWh because inverter-based
HVAC:s vary their power consumption to consume more fluctuat-
ing renewable energies for reducing the energy cost. The output
energy of diesel generators also correspondingly decreases from
5.13 MWh to 3.63 MWh because more energy is from the
distributed renewable energies in the 100% scenario.

The impacts of time horizons are analyzed by comparing
four bidding strategies, i.e., considering different horizons of
historical D-LMPs T, = 4, 16, 48, and 96. The results are
shown in Table II. It can be seen that the reverse energy of
renewables is all zero in the four bidding strategies. The total
cost of all the loads is among $17051-$17254. The output
energy of diesel generators is among 3.62-3.65 MWh. The
best cost-saving scenario is T, =16, which can reach 28.64%
and 18.00% for the inverter-based HVACs and all the loads,
respectively. Nevertheless, different bidding strategies obtain
similar results in general, because HVACs’ cooling capacities
are stored only by the buildings’ thermal inertia and cannot be
reserved for along time. Hence the bidding strategies with longer
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time horizons do not have significant impacts on the schedule
of HVACs.

V. CONCLUSION

This article proposed a real-time LEM and a DSOs opti-
mization framework considering multiple participants, includ-
ing rapidly increasing inverter-based HVACs, PVs, and wind
turbines. A transactive capacity evaluation method was pro-
posed for inverter-based HVACsS to participate in the real-time
LEM, which considers the regulation duration time, the dynamic
ambient temperature, the building’s heat conduction, the air
ventilation, and the user’s comfort requirements. Based on the
available transactive capacities and the historical D-LMPs, a
multilevel bidding strategy was developed for inverter-based
HVACs. Numerical studies verified that the users’ cost can be de-
creased by 27% under guaranteeing their comfort requirements.
The more fluctuating output energy of wind turbines and PVs
can be utilized locally, which improves the system’s efficiency
and alleviate the distribution network’s congestions.

In the future, we would like to pay attention to the increasing
ice storage air conditionings (ISACs) because they are better
regulation resources to avoid the impact on users’ comforts
during the regulation process. ISACs are generally used for large
district cooling systems [60] and can store cooling capacity for
along time (e.g., one day or longer time). The day-ahead market
and optimization methods can be developed for ISACs.

APPENDIX A

The inverter-based HVACs parameters and corresponding
buildings’ thermal parameters are based on Chinese National
Standards and realistic tested data in China. Each inverter-based
HVACs-rated power distributes among 1.5-3.0 kW; the energy
efficiency ratio n; is distributed among 2.2-3.2; the regulation
ranges of compressors’ rotating frequency f; are 20—100 Hz;
the coefficients ¢; and o; are 0.01-0.03 kW/Hz and 0.005-0.01
kW, respectively. The bidding price’s adjustment factor v is 0.8.
The corresponding building’s thermal capacity C; ranges among
100-300 kJ/°C; the thermal resistance R; ranges among 0.15—
0.75 °C/kW; the ventilation rate v; changes among 0.5-2h~'.
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