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Abstract—This paper implements scheduling optimization
on an integrated energy system to utilize waste heat recovered
from steel mills. The system includes liquid air energy storage
system (LAES), thermal energy storage system (TES),
photovoltaic (PV) power generation and thermal and electrical
loads. Liquid air energy storage is used to act as electrical energy
storage, and waste heat is utilized in the form of superheating
the air entering the turbine to increase the round-trip efficiency
of the liquid air energy storage system. Through the constructed
Mixed-Integer Linear Programming (MILP) model to forecast
the day-ahead scheduling scheme of the system components,
scheduling results of 4 cases with different power demand are
solved to discuss the impact on system cost with and without
liquid air energy storage. The results show the utilization of
LAES has a positive effect on reducing system costs However,
the limitation of LAES' maximum output power and the
constraint of thermal balance make the effect of LAES on
reducing the total cost of the system limited.

Keywords—Integrated energy system, Liquid air energy
storage system, Waste heat utilization, Day-ahead scheduling

l. INTRODUCTION

Since the 21st century, the non-renewable fossil energy
and the deterioration of the ecological environment have made
the development of green energy and the improvement of
energy utilization efficiency one of the priorities. Then the
concept of an integrated energy system was born [1]-[3]. The
steel mill park is a worthwhile research target to be explored
due to great electricity demand and recyclable waste heat
resources [4]. The scheduling and use of integrated energy is
beneficial to the economic operation of the steel mill park and
environmental protection.

The energy storage system is an essential component of an
integrated energy system, liquid air energy storage(LAES) is
an emerging energy storage method, and its advantages of
ease of storage, environmental friendliness, and enhanced
commercial viability [5]. Most of the current research on
LAES is directed to the thermodynamic and exergy analysis
of the system to improve round-trip efficiency [6]-[12].
References [6]-[9] combine liquid air energy storage and solar
energy to improve efficiency. In Refs. [10] and [11],
combined cooling, heating and power (CCHP) is combined
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with liquid air energy storage to improve round-trip efficiency
and economic performance. In Ref. [12], a new liquid air
energy storage system driven by wind and natural gas
combined with a two-stage supercritical CO, cycle is
proposed and investigated, considering the use of different
sensible thermal energy storage to improve system
performance. System performance is the main drawback of
the current system [13]. The combination of LAES and steel
mill waste heat can improve LAES round-trip efficiency for
LAES and improve energy utilization efficiency for steel mill,
reduce operating costs and mitigate the environmental impact
caused by waste heat emissions. Among the existing studies
on incorporating liquid air energy storage, waste heat
utilization is not well considered.

In order to solve the issue mentioned above, the objective
of this paper is to investigate the impact of using LAES on
system costs by analyzing the results of component scheduling
for the integrated energy system with 4 different power
demand cases.

Il.  INTEGRATED ENERGY SYSTEM COUPLED WITH
LIQUID AIR ENERGY STORAGE

Fig. 1 shows the structure of the integrated energy system,
which targets a steel mill park and involves the combination
of renewable energy sources and waste heat utilization. The
park purchases electricity from the grid, photovoltaic panels
are set up in the park to generate electricity, LAES operates as
a power storage system, and TES is used for waste heat
storage and utilization. The role of the system is to schedule
various energy sources in the steel mill park to utilize energy
efficiently and enable stable and economic operation of the
system.

A. LAES

The operation of the liquid air storage system is illustrated
in Fig. 2. During off-peak hours, the air is liquefied under
pressure and stored in a storage tank, where electrical energy
is converted to the internal energy of the liquid air. During
peak tariff hours, the liquid air in the storage tank is pumped
out under pressure, vaporized, superheated by an external
waste heat source, and expanded to do work in the turbine to
produce electrical energy. According to data from the pilot
plant, the expansion interstage reheat temperature has a
significant impact on the output power; an increase of 1°C
results in an increase of about 0.45% in power generation[14].



Most of the unused waste heat sources in steel mills are of low
to medium taste and can be effectively combined with liquid
air storage to increase power generation. In (1) and (2), P,
and P, represent the charging and discharging power of
LAES, M_, and M, represent the charging and discharging
air mass of LAES, SC and SP represent the special
consumption in charging process and the special power
generation in discharging process. In (3),Exp represents the
waste heat used to superheat the air during expansion, and 7,
represents the coefficient between the waste heat required for
expansion and the discharging power. The relationship

Steel mill plant

between the charging/discharging power and the
charging/discharging air mass is shown in (1) and (2) [15].
The numerical relationship between the waste heat used for
expansion and the discharge power is shown in (3).
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B. Other Components

The role of TES is to store waste heat after the waste heat
meets the heat demand of the park, and to release the stored
waste heat when the waste heat is insufficient to meet the heat
balance, so as to reduce the waste heat resource waste and
realize the rational use of waste heat. At the same time, waste
heat can be recovered and purified and sold to the thermal
market to enhance the economic efficiency of the steel mill
park. In the integrated energy system structure of this paper,
waste heat recovery is mainly used for LAES. The TES aims
to provide waste heat to the liquid air energy storage system
more conveniently, and the purpose of selling heat to the
outside is to increase the income. If the LAES is not used, after
meeting the heat demand and selling it to the outside, there
will be a large amount of waste heat surplus, which is difficult
to make full use of. Compared to other renewable energy
sources that have geographical location constraints, PV power
generation is not constrained by geographical location, the
size of PV panels can be adjusted according to the object they
are combined with, and there are currently some factory plants
that have introduced PV power generation to resist the effects
of power restriction policies. The equations of other
components come from Ref.[16] .

|
|
aste heat

C. Balancing Constraints

At each moment of system operation, the sum of the power
purchased by the park from the grid P,,;,, the PV generation
Pp;, and the liquid air storage discharge power P, is equal
to the sum of the park power load D, and the liquid air storage
charging power P,,, while at the same time, the sum of the
waste heat recovered by the park Wh and the final heat
released by the TES Disy,,,, is equal to the sum of the park
heat load D, , the TES charging heat C#, and the heat sold out
to the park Sale. This is the meaning of power balance and
heat balance as shown in (4)-(5).

Poyia ) TPpy(t)+P s (1)=P () +Dp(1) “4)
Dy, () +Exp (1) +Ch () +Sale(t)=Disguq () + Wh(t)  (5)

D. Objective function

The objective function of the proposed system model is the
total operating cost 7Cas shown in (6), including the cost of
power purchase C,,;,, maintenance cost of LAES, PV, TES
C,..in» Profit of heat sales Pg, and loss cost of LAES, TES, PV



Coss - €oc represents the operation cost coefficient, &,
represents the loss cost coefficient and Pr represents the price.

TC = miné‘?[cgrid + Crnain + Cioss — PS]=
minzv{Pgrid (t)Pre (t) + gééEs[Pch(t) + Pdis (t)]+
§6E8[Ch (8) + Dis ()] + §6¢ Poy () + §igel> [Pen(t) +
Pais ()] + &loea [Ch () + Dis (£)] + &/ossPpy (t) —
Sale(t)[Prh (t) - Prpurl’/} (6)
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Fig. 4. Power demand in 4 cases

Taking a steel mill park as the object, the input data of the
system includes the power load of the steel mill and the
predicted PV power, the thermal load as well as the waste heat
mass. Fig. 4 shows the four power load changes that occur in
the steel mill. In case 1, the steel mill is operating normally,
the power load changes caused by equipment switching are
small, and the power load fluctuates within a small range. In
case 2, when the small-load equipment is switched, the power
load does not change much. After the large-load equipment is
started, the power load gradually increases. In case 3, the steel
mill has set up a maintenance plan. After the large-load
equipment was shut down, there as a continuous power load
reduction, and the maintenance was completed. After the
heavy-load equipment was restarted again, the power load
increased, gradually returning to the initial power load range.
Compared with Case 3, Case 4 was that some equipment was
restarted after the maintenance, and the power load increased,
but it could not be restored to the initial power load range. The
corresponding cases of waste heat mass are shown in Fig.

5.The forecast PV generation and thermal demand are shown
in Fig. 6. Changes in the power load of a steel mill cause the
mass of waste heat recovered from the mill to change as well,
with the trend of waste heat mass fluctuations being broadly
similar to the power load, with a greater range and magnitude.
Time-of-use electricity price is shown in table | and the heat
price is shown in Fig. 3. Table I shows the time-of-use
electricity price of the grid. Other data are taken from the
Refs.[15]-[18]. In table II, the special consumption in
charging process SC is 168 KW/ton and the special power
generation in discharging process SP is 137.3 KW/ton. Waste
heat utilization coefficient 57, ~is1.654 ton/KW. The loss cost

coefficient of LAES &4ESand TES &3 are 1.515 $/MW and
0.0003787 $/ton respectively. The price for the purification of
waste heat sale Pr,,,; is 0.3787 $/ton. The proposed Mixed-
Integer Linear Programming (MILP) model is solved by
general algebraic modeling system(GAMS) to obtain the

scheduling results [19].

TABLE I. TIME-OF-USE ELECTRICITY PRICE

Valley Flat Peak
Period 1-8 9-11,14-16,22-24 12-13,17-21
Price(Pr,/$/MW)  45.045 75.075 120.120
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Fig. 6. Forecast PV generation and thermal demand

TABLE Il. OTHER PARAMETERS

parameter value parameter value
SC 168 KW/ton LALS 1.515$/MW
SP 137.3 KW/ton TES 0.0003787$/ton
M 1.654 ton/KW Plyuri 0.3787$/ton




11 ANALYSIS OF SIMULATION RESULTS

The following Fig. 7-9 are obtained from the model
solution results. The LAES charging and discharging states
under different power demand changes are shown in Fig. 7. It
is obvious that in all four cases, LAES has the action of
charging with the maximum power when the electricity price
is low, and discharging with the maximum power when the
electricity price is peak. Comparing Case 1 and Case 2, the
increase in power demand increases the total charging power
of LAES during the parity period, and the discharge power
increases significantly during the high electricity price period
to reach the maximum output power. The LAES charging and
discharging level of Case 3 is between Case 2 and Case 4. It
can be seen from the figure that the total charging power of
Case 3 during the parity period and the total discharging
power of Case 3 during the period of high electricity price are
between Case 2 and Case 4. Case 4 is because the power
demand does not reach the initial demand range, and the total
discharge power of LAES is smaller than that of case 1 in
which the power demand is dynamically balanced.

Fig. 8 shows the charging and discharging state of TES
under different waste heat mass changes. In four cases, the
charging time of LAES coincides with the charging time of
TES to a great extent. Obviously, there is no expansion heat
demand in the charging period of LAES. After meeting the
heat demand of the steel mill and selling it for profit, the
remaining waste heat is charged into TES. Case 2 Compared
with case 1, the time of TES releasing heat appeared interval,
because LAES was charged in parity period, and TES was also
charged at the same time. Because the waste heat mass is
sufficient, the fluctuation of TES' heat release quality in peak
electricity price period tends to be gentle compared with case
1. Compared with case 1, in case 3 it is obvious that although
the waste heat mass finally rises to the initial waste heat mass
range, the heat release of TES is still affected, which is
manifested by the reduction of heat release time and total heat
release quality. However, in case 4, there is also heat release
in the period of flat peak electricity price. This is because
under the same heat demand, the less the waste heat mass is,
the stronger the heat release time constraint of TES is, and the
weaker the influence of LAES is. The charging and
discharging state of TES corresponds to that of LAES. When
LAES is not in discharging state, TES is in charging state.
When LAES is in discharging state, TES is in exothermic state,
which is caused by the limitation of waste heat mass.

=
o
[
o

Case 1

L

Case 2

17
1

0 4 8 12 16 20 24
Time (h)

o
o

o
o

1045 12 16 20 24

Time (h)

LAES Charge/Discharge power(MW)
o

LAES Charge/Discharge power(MW)
o

=
o
=
o

Case 3

]
U

0 4 8 12 16 20 24
Time (h)

Case 4

L
U

0 4 8 12 16 20 24
Time (h)

ol
ol

o
o

-10

LAES Charge/Discharge power(MW)
o

LAES Charge/Discharge power(MW)
o

Fig. 7. The operation state of LAES

100 Case 2
i ﬂ |

0 1 ]
0 LI

100025 12 16 20 24

Time (h)

=
[S2 =]
= =)

‘C:jj-li-rl_ﬂ
n

I

'
al
o

[y
o
o

0 4 8 12 16 20 24
Time (h)

TES Charge/Discharge mass/ton
'
o
TES Charge/Discharge mass/ton

150
75

Oﬁ A .y
e

Case 3 150 Case 4

75

il

o
-75 |-|_|-|‘L|-|

-75

TES Charge/Discharge mass/ton
TES Charge/Discharge mass/ton

-150 -150
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)
Fig. 8. The operation state of TES
[ case1 [ Case2| %\ [Jcase1 [ Case2
60000 [ Jcases[Jcased| 560000 [ cases [ Cases
= 1
@ P —
o ! £ 52500
E 50000 5
z 5
S 245000
= - 5
S 40000 H
237500
o000 [ | 17} 830000l 1
With LAES Without LAES With LAES Without LAES
—~ 1200
@ ™ [ case1 [ Case?| ™ [_Jcaser [ case2
£ 300 | [ Jcases[Jcased| @ [_Icase3[_]Cased
£ &
15 [9
S 800
g5 é
g ®
2150 £ 400
< o
Es z
S 3
B o
S o ) °
With LAES Without LAES With LAES Without LAES

Fig. 9. Comparison of costs with and without LAES

The results of the comparison of each cost in 4 cases
obtained from the solution are shown in Fig. 9; for each case
the cost of purchasing electricity from the grid C,,;; with
LAES and without LAES is clearly compared with the total
cost, the cost of purchasing electricity with LAES is smaller
than without LAES because of the peak use of electricity in
the valley, and the total cost 7°C of using LAES is smaller than
without LAES because of the reduction of the cost of
purchasing electricity and the gain of selling heat to the
outside. In terms of maintenance cost C,,,,;, , the use of LAES
increases the cost of maintenance and, but the increase in
maintenance is not much compared to the cost reduction by
using LAES. The loss cost C,,,, compared with the total cost
is really small so it is not discussed. From the values of
maintenance costs and heat sales gain Pg can be found, the
profit of heat sales can cover the increased maintenance costs
because of the use of LAES, TES, in the future if the scale of
LAES and TES increases, maintenance costs are bound to
increase, the increase in the scale of TES will make the time
and quantity of heat sales more flexible, and the heat sales gain
to cover the maintenance costs has a certain possibility of
continuation. This has a positive effect on steel mills to
increase the utilization rate of waste heat.

Electricity purchase cost accounts for the vast majority of
the total cost, and the power demand of the four cases
determines the total cost of the case. Obviously, the case 2
with the largest power demand also has the largest total cost.
LAES carries out peak power utilization to reduce the
electricity purchase cost and thus reduce the total cost, while
the two limitations of using LAES are the maximum output



power of LAES and the thermal balance constraint. The
former is not only the technical limitation of LAES itself, but
also the general advantage of LAES output compared with the
hourly power demand value. The latter is that the waste heat
mass is affected by the change of power demand, which leads
to the shortage of waste heat mass used for LAES energy
release in the heat balance constraint, which makes LAES
output limited. At the same time, case 4, which has the lowest
profit from selling heat, is also the case with the lowest waste
heat mass. When the waste heat mass decreases, the output
power of LAES and the external selling heat are affected.
These two factors make the cost reduction of case 4 much
smaller than that of case 2.

Due to the limitation of heat balance and the maximum
discharge power of LAES, the reduction of power purchase
cost brought by the peak use of valley power is relatively
limited compared with the total cost, and the scale of LAES
will increase with the improvement of LAES technology in
the future, then the cost reduction and the utilization rate of
waste heat resources brought by using LAES will be further
increased, and the dispatching effect of the proposed
integrated energy system will be further enhanced; this will
also have a positive impact on the economic operation of steel
mills and environmental protection. This will also have more
positive impact on the economic operation and environmental
protection of the steel mill park.

IV. SUMMARY

This paper optimizes scheduling with 4 different power
demand cases based on an integrated energy system
combining LAES, TES, and photovoltaic power generation to
use waste heat from a steel mill park. The solved scheduling
results show that the use of LAES helps to reduce the
operating cost of the system, but the cost reduction is limited
due to the size of LAES and the quality of waste heat, and the
development of LAES technology and waste heat recovery
technology will help to improve the effectiveness of the
system. The development of LAES technology and waste heat
recovery technology will help to improve the utility of the
system.
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