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Dear editor,

The integrated energy system has attracted
widespread attention owning to its high energy
efficiency, low emission, and reliability [1]. It
is a typical cyber-physical integrated energy sys-
tem (CPIES) that combines information and en-
ergy technologies, in which the cyber informa-
tion platform collects information from the en-
ergy plant and controls most of the energy de-
vices [2]. Many optimized operation strategies
have been presented for the information platform
to guarantee that the energy plant works stably
and efficiently. Generally, the operational opti-
mization of energy systems needs to solve a com-
binatorial optimization problem. Several meth-
ods have been employed to calculate the optimal
set-point of each energy device, including the ge-
netic algorithm (GA), particle swarm optimiza-
tion (PSO), non-linear programming (NLP), and
mixed-integer non-linear programming (MINLP).
However, the integrated energy system usually
uses an energy storage unit to address fluctua-
tions in load demands [3]. For this complex en-
ergy system, the above methods need to trans-
form the optimization of the dynamic storage pro-
cess into a high-dimensional non-linear optimiza-
tion problem. However, it is hard to solve this opti-
mization problem with multiple constraints. Some
studies combined fixation strategies with optimiza-
tion methods to achieve a satisfying solution [4-6].
Deng et al. [4] developed a fixation storage strategy
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that stores thermal energy at night and supplies
energy in the daytime, and employed MINLP to
determine the optimal set-points of other devices.
Bao et al. [5] defined that the energy storage unit
continuously runs at valley time and presented an
improved PSO method that can be used to correct
the particle’s position to satisfy the non-linear con-
straints. Zheng et al. [6] determined the set-points
of the storage unit and generator by calculating
the shortest distance between the load points and
the output curves of the energy equipment. Never-
theless, these methods cannot guarantee that the
obtained operational strategy is optimal for an in-
tegrated energy system with energy storage.

In this study, a hybrid method based on dy-
namic programming (DP) and GA is proposed in
order to find the optimal operational strategy for
an integrated energy system. Compared with the
existing methods, the proposed method does not
require the conversion of the optimization of the
energy storage to a high-dimensional static opti-
mization problem. Instead, it uses DP as the main
optimization framework to calculate the optimal
energy storage state for the entire optimization pe-
riod. The GA is then embedded into the DP to
optimize the corresponding set-points of the de-
vice in each energy storage state for every period.
DP can be used to find the global optimal solution
to the energy storage problem. The determination
of optimal device set-points is guaranteed by the
GA because there are only one or two optimiza-
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tion variables in every period [7]. Therefore, the
proposed method can be used to obtain the opti-
mal operational strategy for the integrated energy
system with energy storage so that its overall per-
formance can be improved. Some numerical simu-
lations were conducted to verify the validity of the
proposed method.

Optimization model and methodology. The in-
tegrated energy system is evaluated based on its
performance with regard to the energy, economy,
and environment. In order to quantify these per-
formance aspects on the same scale without con-
sidering the details of the system structure, the
primary energy saving ratio (PESR), cost saving
ratio (CSR), and carbon emission reduction ratio
(CERR) of the integrated system to a typical sep-
aration production (SP) system [8] are chosen as
optimization objects as follows:
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where Fy,(t), Cop(t), and CEgy(t) are the total
energy consumption, operation cost, and carbon
emission of the SP system in period ¢, respectively,
and they can be obtained using the formulas in [8];
F(t), C(t), and CE(t) represent the total energy
consumption, operation cost, and carbon emission
of the integrated energy system in period t, re-
spectively. A comprehensive optimization objec-
tive can be defined as

max obj = a1 -PESR+ay-CSR+a3-CEER, (4)

where oy, s, and a3 represent the weightings of
the energy, economic, and environmental objec-
tives, respectively. In addition, the integrated en-
ergy system can meet the diversified energy de-
mands of the load, and hence the operational op-
timization should meet the following constraints of
the energy balances:

Epgu(t) + Egria(t) — Enp(t) = Eioaa(t),  (5)
in cooling mode:
th (t) + Qab (t) + Qs (t) = Qload,c (t)7 (6)

in heating mode:

Qhr(t) + Qb(t) + Qs(t) - Qload,h(t)a (7)

where Epgu(t), Egrid(t), Enp(t), and Eigaa(t) rep-
resent the electricity generated by the power gen-
erator unit (PGU), electricity purchased from the
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power grid, electricity consumed by the heat pump
(HP), and electricity load of buildings in period
t, respectively; Qup(t), Qan(t), and Qioad,c(t) are
the cooling supplied by the HP, cooling supplied
by the absorption chiller; and cooling load of the
buildings in period ¢, respectively; Qn(t), Qu(t),
and Qloadn(t) represent the heat recovered from
the PGU, heat produced by the gas boiler, and
heat load of the buildings in period t, respectively;
Qs(t) is the input or output of the storage unit in
period t. The state of the energy storage unit also
needs to meet the following dynamic constraints:

S(t):S(tfl)'nS‘i’Qs(t)v (8)

where S(t) represents the energy storage state in
period ¢ and 7 is the energy storage efficiency. In
addition, the optimization model should include
some inequality constraints that are related to the
internal devices in the energy system.

Operational optimization is a hybrid problem
with multiple constraints, which includes a dy-
namic optimization of the energy storage unit and
set-point optimization of the energy devices. In
this study, a hybrid optimization method based on
DP and GA is presented to determine the global
optimal operation strategy for integrated energy
systems with energy storage. The details of the
optimization are presented in Algorithm 1. The
main framework is the DP algorithm, which con-
tains three nested loops. In the inner loop, the GA
is employed to optimize the set-point of each de-
vice from any S(t—1) to S(¢) in sequence. Because
there are generally only one or two optimization
variables in the GA optimization procedure, the
optimal solution is easy to obtain. In the middle
loop, for any S(t) from 0 to the rated storage state
Smax, the optimization object and corresponding
u*(t) are calculated and recorded in sequence. In
the outer loop, the optimization object and corre-
sponding u*(t) for all the energy storage state are
calculated and recorded from 1 to T'. Finally, the
maximum J(T') and corresponding u*(t) and Q*(¢)
(1 <t < T) are obtained. According to Bellman
principle of optimality, the global optimal solution
of the energy storage process can be obtained. The
proposed method can be used to obtain the opti-
mal operational strategy for an integrated energy
system with energy storage.

Results and discussion. Some numerical simula-
tions were conducted to verify the effectiveness of
the proposed method in relation to the traditional
GA method. A small-scale integrated energy sys-
tem was used as a simulation model, which pro-
vides power, cooling, and heating energy for build-
ings. The time-of-use electricity price of the power
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Algorithm 1 The hybrid optimization based on DP and GA

Input: Load forecasting data, device parameters, and GA parameters.

Output: Maximum J(T'), corresponding u*(¢t) and QZ(¢).
1: S(t) = 0;
: S(t—1)=0;

W N

using the GA, and record v*(t) and maximum Jgé:;l)
: Increment S(t — 1) by AQs;
: Repeat Steps 3 and 4, until S(¢t — 1) = Smax;

: Increment S(¢t) by AQs;

: Repeat Steps 2-7, until S(¢) = Smax;
: Increment ¢ by 1;

: Repeat Steps 1-9, until t = T

— O © DUl

— =

: Calculate u*(t) that maximize the object function J(t) = J(¢t — 1) + I(S(¢), S(t — 1), u(t),t) from S(t — 1) to S(t) by

Find maximum J(t) from any S(¢t — 1) to S(t), and record J;(t)(t) and corresponding S*(t — 1) and u*(t);

: Find maximum J(7T') and corresponding u*(t) and S*(t) (1 <t < T'), and calculate Q¥ (t) using (10).

grid was considered for the simulation. The oper-
ational optimization selected a natural day as an
optimized cycle and was on basis of hourly inter-
val. Epgu(t) and S(t) were chosen as the optimized
variables.

——Hybrid method
-&-Traditional GA
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Figure 1 (Color online) Results of hybrid and traditional
GA methods.

The simulation results are shown in Figure 1.
The comprehensive performance indexes obtained
using the proposed method are all equal to 20.87%.
However, there are random fluctuations in the re-
sults obtained using the traditional GA method,
in which the best result is 19.99% and the worst
result is 18.47%. The proposed method has bet-
ter energy, economic, and environmental perfor-
mances compared to the traditional GA method.
It is difficult to find an optimal global solution us-
ing the GA method, because 48 variables need to
be optimized simultaneously. However, with the
proposed method, the GA is sequentially called by
the DP and only one variable is optimized at a
time. Therefore, the proposed method can easily
be used to find the global optimal solution.

Conclusion.  This study proposed a hybrid
method based on DP and GA to find the opti-
mal operation strategy for the CPIES. The pro-
posed method uses DP as the main optimization
framework to determine the optimal energy stor-
age state in every period, which works best for
solving dynamic optimization problems. The GA

is embedded into the DP to optimize the device
set-points, considering that the GA is suitable for
static optimization problems. Therefore, the pro-
posed method guarantees the delivery of the global
optimal solution. Numerical simulations demon-
strated the superiority of the proposed method
compared to the traditional method. However,
owning to the time-of-use price of electricity, the
tradeoff between the energy and cost objectives
is unclear. This will be considered in our future
work.
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