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Abstract. The emergence of Electricity Spot Market makes it possible that distributed electric heating
equipment connect with the grid and participate in market competition as well. However, due to the
functional limits, it is impossible for the power supply side to have a thorough understanding of the specific
conditions of the load characteristics of the power user, and the user side will not take a global consideration
of the real-time security and stability of the power grid. This paper focuses on the research about electricity
consumption strategy of thermoelectric coupled load with the background of electricity spot market. The
main works are as following: An operation strategy of consumer electric heating equipment based on
electric spot market is proposed. Besides, an operation mode which responds to the market is obtained by
analysing the time span of clearing nodes in power spot market and start-stop characteristics of distributed
heat load equipment. Based on this, the operating cost control function of consumer electric heating load is
designed, making it possible that the load follows changes of the clearing price under the premise of
ensuring that the user's heat demand is met within a day. Then we had a discussion about the impact of
parameter changes on the operating strategy. With the help of the constraints of existing power grid, the
operation strategy model of consumer electric heating equipment based on power spot market is realized.

1 Introduction users, the author proposes a load response power market
operation model based on the user's thermal load
"Coal to electricity" is a national demand, and the characteristics.

current "coal to electricity” project cannot be separated
from the strong promotion of local governments. In
addition to the investment in infrastructure and
corresponding grid supporting facilities, the government
also needs to bear operating subsidies during the heating
season each year. Excessive government investment also
represents the risk of counter-substitution in some "coal-
to-electricity" projects.

The electricity market has sufficient benefits.
Compared with the current three-stage electricity price
of peak-flat-valley type and single electricity price, the
electricity price in the electricity market has the
characteristics of high price change frequency and huge
peak-valley difference. If users can participate in the
market and have the ability to respond to changing
electricity prices, they can make full use of the flexibility
of part load to achieve diversified electricity demand. Pe

Electric heating load is a load with transferable p >
;lslaracterlstlc‘s. .Its characteristics mainly come from two —_— Pheat Prced

pects, one is its own enclosure structure, and the other >
comes from various heat storage equipment that may be p
installed. Actually, the portion of users participating in s
electricity market is not quite good. Even in the current
pilot operation of electricity market, most users cannot
go to the volatile electricity market and to find out what
it is. In order to solve the problem of low participation of

2 Node model construction

With the help of thermal inertia of the building load,
load building nodes with a certain level of enclosure can
work well without physical heat storage equipment.
Consequently, there is a period that the room
temperature changing from temperature after cutting off
heating to the lower limit of set temperature, which
means this type of heating load has transferable
characteristics similar to the installation of physical heat
storage equipment. Besides, as they are unrelated and
independent from each other, they can be linearly added.

The model of a single user node is shown in Figure 1:

v

Equivalent heat storage body

Fig. 1. Schematic diagram of user node model
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As we can see in table 1-1, the node is divided into
two parts. The first one is the point connected to the
power grid, which can be used to measure the power
consumption plan of users. Then, the variable P will be
used in the actual power flow calculation, which
represents the actual power consumption of users.
Actually, electricity load of general users is divided into
two categories. One is the electrical load converted from
user’s heat demand corresponding to the use of electric
heating equipment (so called thermal load) represented
by Pheqr, and the other is the user’s electricity load
corresponding to the remaining electrical equipment
except heating equipment represented by P,. Ppeeq 1S @
kind of electric power corresponding to the thermal
power required by users in a certain period of time,
which refers to the electric power stabilizing temperature
at a lower boundary of the node load temperature when
the thermoelectric load starts with this electric power. It
can be given by load forecasting[1].

The electric heating equipment currently used in the
market is divided into two major categories from its
operating characteristics, namely fixed frequency
equipment and variable frequency equipment. Fixed
frequency equipment is not recommended to be used in
new projects due to its excessive loss, while the current
equipment is mostly frequency conversion, meaning that
the load of node no longer controls room temperature
with start-stop rules of the fixed-frequency equipment
characteristics, but can carry out continuous power
adjustment within a certain range under the conditions
allowed by equipment. It is not only conducive to the
optimization of power consumption, but also can reduce
the risk of load on security of power grid. In this model,
we use P, to represent the variable, showing the
influence on node equivalent heat storage body energy
Es carried by equipment operating power.

3 Node equivalent heat storage capacity
calculation

If a load node has physical heat storage and is supported
by a certain level of maintenance structure, the above
research can conclude that the temperature change of
room is only directly related to its terminal heat
dissipation equipment, while the capacity of heat storage
body installed does not directly affect it. With the help of
such thesis that the load characteristics of node user load
upon thermal inertia and heat storage capacity, we can
equate an energy parameter Es, which represents the
transferability characteristics of the node. This means
that no matter what kind of user node it is, it is directly
replaced by an equivalent variable without considering
its installed equipment and other factors.

The calculation of Es energy parameter of node
equivalent heat storage body is as following: The
parameter is used as a measure of heat storage capacity
of load node, which contains two independent parts,
namely the maintenance structure parameter of node and
heat storage body parameter. As is shown in Figure 2,
we can use schematic diagram of fixed frequency
equipment operation and room temperature to illustrate

the changes without installing physical heat storage
equipment[2].
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Fig.2.Schematic diagram on temperature changes of user node
when fixed frequency device is turned on

We can find that the curve of room temperature drop
is almost irrelevant to the heating equipment during the
period of cutting off this equipment. The only factors
affecting the temperature of node at this time are
enclosure structure of house itself and external
interference. The characteristic of this curve can just
represent the thermal inertia part of the node equivalent
heat storage body as well.

The model of electric heating equipment load curve
combined with the maintenance structure has been
arising in engineering, and its thermodynamic change
process has been simplified while retaining its
thermodynamic characteristics[3,4]. The simplified
model is shown in Figure 3.

out

Ca R:

Fig.3. Schematic diagram of the first-order

In this figure, electric power P is converted into
thermal energy by a thermoelectric conversion
coefficient A in the user's electric heating device[1]. The
specific heat capacity of indoor air is represented by Ca.
The indoor temperature Tin and outdoor temperature
Tout establish the mathematical relationship of radiant
heat dissipation through the thermal resistance R1.
According to the law of conservation of energy, the heat
entering user node in a unit time is conformed with
following equation:

aTin _ Tin—Tout
Co—r = PA— R (1)

The thermal storage device model is consistent with
the above model where there is a thermal storage device
in user node, as the "outdoor temperature" of thermal
storage device is equivalent to indoor temperature of
user load. Consequently, the differential equation form
of the user thermoelectric coupling model can be
expressed as:
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Equation 2 and Equation 3 are the mathematical
relationship between temperature and time when the
equipment is shut down and started.

The temperature drop curve can be obtained by
fitting data of specific nodes. We can assume that at a
certain moment the temperature of node (without
installation of physical heat storage equipment) is at
upper limit of the set temperature, and device is turned
off at this time. The period that the node drops from
upper temperature limit to lower boundary can be
calculated by the above engineering application formula,
which can represent the maximum transferability of user
node, so-called the maximum value of node equivalent
heat capacity. As we have defined P,¢0q before, now it
can be considered that the heating effect achieved by a
node when the temperature naturally drops from the
upper limit to the lower temperature limit is the same as
the heating effect achieved by node electric heating
equipment using P,eeq for heating at the same node
under the same external conditions. That is, the
following equation can be established. At is the time
scale of interval between two simulation steps. n is the
number of simulation time steps elapsed from upper
limit to lower limit of temperature.

t+1 _ t+1 t+1
Ti out ( ou

TEdt =T+ PAR, — (Tt + PAR, —

At

t+1 — t+1 t+1 Tt “RiCq

{Tin - out ( ou in) x e Rila (4)
Preea XN X AT = Esmax

The maximum equivalent heat storage capacity of
node in the absence of physical heat storage equipment
can be calculated after equivalent processing. If there is a
physical heat storage device, the upper limit of its node
equivalent heat storage capacity is sum of the maximum
equivalent heat storage capacity of no physical heat
storage device and the upper limit of physical heat
storage body itself Qsmax under the same conditions at
the node, that is:

At
{Tt+1 Tot+1 (T£+1 Tltn) X e_m (5)
Preeq X n X AT + Qsmax = Esmax

4 Node operation optimization model of
spot market

4.1 Objective function

In node operation optimization model based on the spot
market, the load of users is divided into two categories,
which has been mentioned in the input parameters of
electricity market. Actually, it is thermal load with
transferability characteristics that would arouse users to
be in response to the price of the spot market. While, the
electrical load other than thermal load is considered as a
rigid load in this operational optimization model, without
any consideration of existing energy storage equipment,

act as an input parameter. The operating cost objective
function of users after Electricity Spot Market is as
following. The total operating cost of all users in the
region should be minimized with surely fulfilling their
needs within a market cycle, at the same time, various
operating indicators of power grid should be met.

We can establish following objective function:

min ¥i_; Xy C(t:); X (Preqae(t); + Po(t;);) X AT (6)

Among them, the parameter T is the total number of
clearings in a market cycle. The parameter N is the
number of load nodes in the optimization area. C(t;); is
the real-time electricity price determined by the day-
ahead market clearing during the period from time ¢; to
time t;41. Pheqe(t;); is the actual heat load power of the
corresponding node at corresponding time. P, (t;); is the
actual Electric load power of the corresponding node at
corresponding time.AT is the period between these two
clearing prices. Since the author extracts thermal load
from user load as a variable, the electrical load left will
not follow changes of the thermal load. However, it is
supposed to be used in objective function in order to
reflect the consistency of load model.

4.2 Optimization principle

Although rigid electrical load cannot be adjusted, the
electrical load plays a role in constructing the basic
power flow in the optimization model. It is basis for
optimization calculation to construct basic power flow.
As node voltage needs to maintain a stable reactive
power flow during the process of power supply, the
author uses DC power flow algorithm to reflect these
characteristics in order to reflect the speed and simplicity
of optimization calculation as well.

Thermal load of each node can be adjusted after
construction of basic power flow. The principle of
thermal load regulation is that each time electricity price
is cleared, the signal of electricity price change is used as
the driving force to adjust heat load according to the
node electricity price drive. As for a specific node in a
period of time, the principal diagram is as follows.
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Fig.4. Single user node based on the optimization principle of
day-ahead market

As is shown in Figure 4, there are three times t1, t2,
and t3, and each time corresponds to a market clearing
node, calculated from the market model at corresponding
time. The electricity price does not change from one
clearing node to the next, which is consistent with reality.
The actual electricity market will be cleared every 15
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minutes within an hour. Although the four clearing
prices are different, the market tends to average the four
clearing prices at one time in order to reduce amount of
settlement.

According to the law of market clearing, the power
consumption of equipment is changed in response to
electricity price at each clearing time, that is, the
parameter Ppqq(t;); becomes a variable Ppeq.(t;);. It
can be found that there is a difference between the
modulated Pyeq¢(t;); of thermal load at this time and the
Preea(t;); obtained when load forecast is carried out.
This difference is determined by the operation mode of
equipment. When the Ppeq(t;); after strategy
optimization is greater than Py..q(t;);, it means that the
new operation mode is charging equivalent heat storage
body of the node under the premise of meeting the basic
heating demand of user. Similarly, if the Ppq.(t;); after
strategy optimization is less than Ppe.q(t;);, it can be
considered that this operation mode does not meet user's
basic heating demand, and it needs to be supplemented
by the energy stored in node equivalent heat storage
body, which is equivalent to consume the equivalent
energy stored by energy storage in user node. From the
above analysis, it can be known that the amount of
change in the node's equivalent energy storage value
during operation optimization is related to the operation
strategy Pheqe(t;)j of the clearing node corresponding to
the current time period and the predicted heat load

Pneed (ti)j~

4.3 Constraint analysis

The total heat load corresponding to Py, of node in a
day-ahead market cycle should be equal to the total heat
load corresponding to strategy Pp.q: provided after
operation optimization. That is:

YL 2T Preea(t)j X AT = XF X7 Preqr(t:); X AT (7)

Because the period of users’ electricity consumption
(one-day each) corresponds to the opening period of the
previous market, the amount of heat needed a day is a
fixed value, which is determined by the previous day’s
heat load curve. After optimization, the total heat supply
must be equal to it. Of course, this is related to the
optimization cycle we choose. If several market opening
time periods are selected for optimization, uniquely, this
equation may not be satisfied with opening time, but it
does generally.

Next, the author will explain the relationship between
Pheats Preeqa and P;.In this model, Py, is an adjustable
variable connected to power grid, while P4 is an input
parameter based on heat load forecasting, and Ps is a
variable related to the heating equipment installed at user
node. The relationship between them is as following:

Preat(t)j — Preea(ti); = Ps(t); 3

The significance of this equation is that if all the
equivalent heat storage capacity of room is not
considered, the power supply capacity needs to be
matched with the heat load demand all the time, that is,

the working condition of heating equipment must be
based on user's demand. When the user node is in this
situation, it means that the thermal load at this time is a
rigid and uninterrupted transfer load. If the concept of
user equivalent heat storage body mentioned above is
introduced, which is similar to the concept of energy
storage equipment, the user’s thermal load demand can
be supplemented from two aspects. One is to supply heat
with original equipment, and the other part is to be
supplemented by the heat stored in equivalent heat
storage body. At this time, an unequal relationship can
be drawn, because in the definition of equivalent heat
storage, the energy change in equivalent energy storage
device actually depends on the heating equipment
installed by users, so the inequality is supposed as
follows:

_Pneed(ti)j < Ps(ti)j =< Pmaxj - Pneed(ti)j (9)

Among them, Ppy; is related to the maximum
power of starting heating equipment..

The existing energy of node equivalent heat storage
equipment also has a limit. When the clearing node
operation strategy is determined, the effect on equivalent
heat storage energy value of node will continue until the
next clearing time, and at the same time, a cumulative
energy value from clearing time to current clearing time
will be accumulated. Expressed as:

—ESmaxj < AES(tl)J < Esmax]' (11)
0< Es(ti—l)j + AES(tl)] < Esmaxj (12)

Among them, —ES;q,; is the maximum value of
node equivalent heat storage calculated according to the
method in Section 3.

The above constraints are all for a single node. For
the single node, a set of optimization schemes can be
derived mathematically, but if there are several nodes in
the same area, they are coupled with each other through
grid topology. If the operation is still carried out
according to the optimization strategy of a single node at
this time, it is likely to cause a centralized concurrency
problem due to the existence of branch constraints.
Therefore, during the process of optimizing strategy, it is
necessary to consider the problems raised by coupling
nodes on branches. In the previous algorithm
construction section, the author mentioned a transfer
coefficient method that is widely used in power dispatch,
which uses the method originally aimed at generating
nodes at load nodes[5,6]. First of all, node load is
divided into two categories. The basic power flow is
constructed by the equipment except heat load, and the
heat load part plays a role of an adjustable variable in
this model. When the heat load is superimposed on the
node of basic load flow, the power flow of entire
network will be redistributed. And the change of node
can be reflected to each branch through transfer
coefficient matrix, and then superimposed with the
existing basic load flow, while new power flow
distribution is obtained. It can be expressed as:
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Gi—j X Preqt(t;); = APk (t;) (13)

In the formula, Gy_; is the power transfer matrix of
the j node to k branch, and APy is the power flow change
of branch k corresponding to the change of the thermal
load of node j from F,(¢;); t0 Pheae(ti); + Po(t;);, this
amount of change needs to be superimposed with the
original trend. Then, the newly formed power flow is
constrained, meaning the branch power flow change
caused by node change cannot exceed its limit. The
limitation of this branch is mainly reflected by line
transformer, or some rural areas, where the current
carrying capacity is limited by the low integrity of power
grid construction.

_PLmaxk < Apk(ti) + Pk(ti) < PLmaxk (14)

Prmaxk 1s  the maximum power constraint
corresponding to the k branch, which can be calculated
from the current carrying capacity.

5 Case analysis of node operation
optimization in spot market

The main wiring of system is shown in Figure 5. The
parameter settings of line parameters and bus load at a
certain moment are shown in the table below. Among
them, reference value of three-phase power is
Sg=100MW-A, and the reference value of line voltage is
Vg=10kV. Bus load given in the table is total power load
of node without heating equipment. The heat load data
has been calculated according to the method in Literature

[1].

Fig.5.Network topology diagram of three-feeder system

Table 1.Line parameters of three-feeder system and related

node loads
Branch | First End Active
Reactance

number | node node power end
1 1 4 0.10 2.00
2 4 5 0.11 3.00
3 4 6 0.18 2.00
4 6 7 0.04 1.00
5 5 11 0.04
6 2 8 0.11 4.00
7 8 10 0.11 1.00
8 8 9 0.11 5.00
9 9 11 0.11 0.60
10 9 12 0.11 4.50

11 10 14 0.04
12 3 13 0.11 1.00
13 13 15 0.11 1.00
14 13 14 0.12 1.00
15 15 16 0.04 2.10
16 7 16 0.12

Carry out the operation strategy optimization
operation to obtain optimization result. lines and
symbols on the figure. Carry out the operation strategy
optimization operation to obtain optimization result.

Optimize the heat load
demand of some nodes before
optimization

0.5
0
1 3 5 7 9 11 13 15 17 19 21 23
node 4 e====node 5 node 6
node 7 node 8 node 9

Fig.6. Heat load demand of some nodes before 16-node
optimization

Operation strategy of some
nodes after optimization

0.6

A

9 11 13 15 17 19 21 23

node 4 e====node 5 node 6

node 7 node 8 node 9

Fig.7. 16-node users, some nodes user's optimized operating
strategy

The equivalent heat storage results of some load node
are as follows:
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Equivalent heat storage value jointly shift distribution factor (gjsdf) and faster

s : security analysis algorithm in economic dispatch [J].
after optimization of some Automation of Electric Power Systems,2003(18):13-

nodes 17.
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Fig.7. Equivalent heat storage value after optimization of some
nodes

6 Summary

This paper proposes a heating equipment operation
optimization model based on the power spot market, and
optimizes the power consumption strategy of the nodes
that use electric heating users. Load aggregators or
electricity sales companies can make full use of the
transferable characteristics of heat loads while ensuring
the safety of the regional power grid, reducing the
operating costs of electric heating equipment throughout
the region. With the gradual implementation of cross-
regional power trading, electric heating loads can also
carry out diversified market transactions based on their
own load characteristics.
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