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TCollege of Electrical The surge in energy storage systems and the increasing involvement of demand-side
Engineering, Sichuan University, participation can be attributed to their favorable characteristics, including their seam-

Chengdu, Sichuan 610065, China less integration into electrical networks and their capacity to offer operational flexibility

during critical periods. This scholarly article focuses on enhancing energy utilization

in an autonomous electrical grid by incorporating hydrogen storage and demand-side
participation. The optimization of the stand-alone electrical grid is based on maxi-
mizing efficiency and minimizing energy consumption costs as the main objective
functions are modeled. The modeling efficiency is formulated considering the ratio

of the energy not supplied (ENS) to energy generation by resources. And costs

of energy consumption are modeled as consumption of fuel costs by resources. The
consumers’ participation is proposed based on an incentive approach to consum-

ers for demand shaving in peak times. Also, the hydrogen storage system is installed

in the stand-alone electrical grid to improve the main objectives. The particle swarm
optimization (PSO) algorithm for energy optimization and solving objective functions
is applied. In the end, numerical simulation is carried out in some case studies to con-
firm and supremacy of energy optimization with the participation of the hydrogen
storage system and consumers. The case studies based on non-participation and par-
ticipation of the storage system and consumers in energy management are imple-
mented. The implementation of case studies examines the impact of both non-partici-
pation and participation of the storage system and consumers in energy management.
The findings reveal that when the storage system and consumers actively participate,
there is a significant improvement in efficiency and a substantial reduction in energy
costs. Specifically, the efficiency is enhanced by 3% and the energy costs are reduced
by 29.5% compared to the scenario where they do not participate.

Keywords: Energy storage systems, Demand-side participation, Efficiency, Hydrogen
storage system

Introduction
Aims and motivations
In recent decades, the deficiency of fossil fuels and rising global warming in many coun-

tries have led to a global consensus against energy consumption and the use of solutions

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ Sprlnger O pen use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
— author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s44147-024-00358-1&domain=pdf

Peng and Zhang Journal of Engineering and Applied Science (2024) 71:61 Page 2 of 13

to decrease their effects [1]. The solutions with attention to the status and topology of
systems can be varied to have a cleaner environment and operational approaches of the
energy grids with the integration of energy resources [2]. The selected suitable solution
in the energy grids can have environmental, technical, and economic privileges required
from the generation side, demand side, and energy organizations [3]. For example, in
recent years, smart grids have been introduced as new technology in energy systems
with solutions such as consumers’ participation in energy saving, implementing interac-
tion links among generation and demand sides by real-time communication data, and
optimal usage of energy resources considering the status of the energy grids [4]. The
real-time communication data in the smart grid technologies leads to providing energy
saving and enhancing the efficiency of the energy grids by using optimal energy bal-
ance and demand management [5]. These applications of smart grids can be used in far
energy systems such as stand-alone electrical systems with local energy resources for
supply—demand with low reliability [6]. In stand-alone electrical grids, because of the
low capacity of the resources and lack of power transmission lines of power plants, sup-
plying energy demand with high efficiency and reliability is difficult [7]. Thus, energy
storage systems and consumers’ participation in energy saving can be cost-effective and
simple solutions in such grids [8, 9].

The proposed stand-alone electrical grid integrated with the smart grid is indicated
in Fig. 1. The bilateral communication data among demand and generation sides by the
operator are coordinated for optimal energy generation and consumption, in which the
generation side includes a hydrogen storage system and diesel generators (DGs).
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Fig. 1 Stand-alone electrical grid integrated with smart grid
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Literature review

The literature review on stand-alone electrical grids and other energy systems is pro-
posed in this section. In [10], energy resource installation based on economic and emis-
sion objectives in the stand-alone electrical grid is reported. Also, the authors in [11]
proposed resource design in the stand-alone electrical grid with consideration of the
economic and technical objectives. The short-term energy optimization in the stand-
alone electrical grids is studied in [12], considering local energy generation by plugging
electric vehicles (PEV). Authors in [13] operation of the electrical and thermal storage
systems in the hybrid energy system are analyzed with consideration of the lifetime of
the storage systems. The impact of the renewable resources uncertainty on the techni-
cal and economic objectives in the stand-alone electrical grid is proposed in [14]. The
energy operation in stand-alone residential buildings with smart algorithms and demand
participation is introduced in [15]. In [16], HOMER software for long-term energy plan-
ning is employed for the hybrid energy resources sizing in a stand-alone microgrid in the
rural section. The improved technical objectives like voltage, reactive power, and power
losses are studied in [17] using the optimal placement of the resources in the stand-alone
electrical grid. In [18], modeling load dispatch via participation of the energy storages
and demand shifting is proposed for enhancing reliability and peak demand manage-
ment in high energy prices. The authors in [19] have studied the environmental objec-
tives of a stand-alone electrical grid with attention to micro-hydro generation for
analyzing cost-competitive and ecologically sensitive sites in electricity supply. In [20],
a life cycle energy approach is proposed for the autonomous buildings to minimize the
energy demand where different design configurations of energy resources such as bat-
tery bank capacity and photovoltaic systems are done using the post-processed optimi-
zation. In [21], the optimum sizing problem of generation units based on maximizing
the recovery curtailed power generation of resources in an autonomous electrical grid is
solved using the distributed algorithm.

Contributions

In this paper, energy optimization of a stand-alone electrical grid considering the opti-
mal performance of the hydrogen storage system and consumers is studied. The con-
sumers’ performance is modeled subject to an incentive approach via demand shaving
in peak times. The hydrogen storage system is also cited in the stand-alone electrical
grid for supply demand in emergencies. Enhancing efficiency and minimizing energy
costs are proposed as the main objectives in the operator’s stand-alone electrical grid
and viewpoint. The particle swarm optimization (PSO) algorithm and max—min fuzzy
method are applied for energy optimization and solving objective functions. Eventually,
contributions in this paper are summarized as follows:

1) The optimal performance of the hydrogen storage system and consumers are consid-
ered in the stand-alone electrical grid.

2) The incentive approach is proposed for consumers’ performance in energy optimiza-
tion.

3) Enhance efficiency and minimizing energy costs are proposed as the main objectives.
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4) The particle swarm optimization (PSO) algorithm and max—min fuzzy method are
applied to solve a problem.

In Table 1, a comparison of this paper with a literature review is listed.
Methodology
The system modeling by mathematical formulation is presented as follows:

Consumers’ performance modeling

In this subsection, an incentive approach for the participation of consumers in energy
demand optimization is proposed. The incentive approach for consumers’ performance is
modeled as follows:

Cin = Din(t) x A(t)  Vt (1)

0 < Dp(t) <D™ Vvt @)

In Eq. (1), the incentive approach is formulated based on offer prices from operators to
consumers for peak demand shaving. Equation (2) is the peak demand shaving bound.

Hydrogen storage system modeling
The modeling hydrogen storage system contains a hydrogen tank, electrolyzer, and fuel cell.
The modeling hydrogen storage system is as follows [22]:

0 < Pgp(t,HSS) < PJ};"L X upss (t, HSS) Vt, HSS (3)
0 < Prc(t,HSS) < PI’;C X [1 — uyss (¢, HSS)] Vt, HSS (4)

Table 1 Comparison of this paper with literature review

Ref Energy Objectives Optimization algorithm  Type of consumers’
storage performance
system
Hydrogen Energy cost  Efficiency  PSO and fuzzy Incentive approach

[10] - - -

01 - - - -

[12] - - -

[13] - - -

[14] - - - -

[15] - - -

[16] - - - -

[17] - - - -

(18] - - -

[19] - - - -

[20] - - -

[21] - - - -

This paper
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0 < Pyr(t,HSS) < Py Vt,HSS (5)

M x TH

Pyr(t, HSS) = PHT(t—l,HSS)—i—{ X [Pgr(t, HSS) — Prc(t, HSS)]} Vt, HSS

(6)

The Egs. (3) and (4) indicate the power limit of the electrolyzer and fuel cell, respec-
tively. Equations (5) and (6) indicate the rate of hydrogen in the hydrogen tank and the
hydrogen tank pressure value, respectively.

Objectives modeling
Minimizing energy costs and maximizing efficiency are proposed as the main objectives
in a stand-alone electrical grid as follows:

Energy costs
The energy costs modeling contains DGs’ costs and the cost of the incentive approach as
follows:
T (D
minfec = » {Z Cpa(t,d) + czn(t)} (7)
t=1 \d=1
where

Cpg(t,d) = {AP3(t,d) + BP,(t,d) + C}+
{Cou x 1o(t,d)} + {Csp x 0 (t,d)} v, t ®)

The DGs’ cost is modeled by Eq. (8), and the incentive approach cost was modeled in

"Consumers’ performance modeling" section.

Efficiency

The maximization of the efficiency objective in the stand-alone electrical grid is modeled
based on energy not supplied (ENS) in demand by generation side. The efficiency objec-
tive is as follows:

T
Dg(t) — D, t
t=1
Subject to:
0 < Dpns(t) < D(t) x ugns(t)  Vt (10)
1 De(t) > Py(t) + Pec(t
T S s <n>

In Eq. (10), the ENS limit is modeled, and by Eq. (11), the status of the ENS can be
calculated.

Page 5 of 13
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Constraints
The constraints in the stand-alone electrical grid are essential equations for energy opti-
mization. The constraints (12)-(15) indicate energy balance in the grid, DGs’ power

limit, DGs’ ramp up, and ramp down, respectively.

DG HSS HSS
D Pat)+ Y Prc(t) + Di(t) = D(t) + > Pr(t) — Dens(2) (12)
d=1 hss=1 hss=1

0 < Py(t) < PJ*™ Vt,d (13)

Solution optimization

The PSO algorithm is an optimization method for stochastic search, which is taken
from the social behavior of birds, fish, and bees. In this algorithm, a set of particles is
organized into groups. For the formulation PSO algorithm, two variables v and x, are
respectively named particle position and particle velocity. The best position of the par-
ticle is determined based on merit in the objective function represented as p_best, and
the best position of the particle in the whole group is denoted as g_ best. To ensure algo-
rithm convergence, a coefficient called the contraction coefficient is employed for better
adjustment of PSO parameters. Therefore, the velocity and position of the particle based

on the contraction coefficient can be written as follows [23, 24]:

Vil = a(w X Vg + @1 X rand(p_best — x;) + @2 X rand (g_best — xd)) (16)

Xd+1 = X4 +Viy1 (17)

where d is the repetition counter, x,; is the particle position in repetition, x,_; is the
particle position in repetition v, and d+ 1 is particle velocity in repetition d. The w is
inertia weight, and ¢, and ¢, are the acceleration coefficient of each particle. Rand is a
generation function for random numbers with a monotonous dispersal in the range of
[0,1]. The «a is a function of ¢, and ¢, for better convergence of the PSO. The suitable
choice of w has caused a balance between local and global search space. Generally, for a
better and optimized function of an algorithm w, dynamically change:

Wmax — Wmin .
W= Wnax — ——_ ——— X liler (18)
itermax

where iter shows the current iteration. For decreasing the steps of the search, particle

velocity will be limited by the amount of v, :

V € [~VmaxVmax] (19)
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where v, will improve the local search, and the v,,,, will be justified for each decision
variable between 10 and 20% of the variable range.

Max-min fuzzy method

Since energy costs and efficiency are optimized simultaneously in this study. The frontier
solutions will be obtained. The operator must determine the optimal solution for objec-
tives in the frontier solutions as a decision maker. Hence, the max—min fuzzy method is
proposed to determine the optimal solution as follows [25]:

0 otherwise
X —f (0 min max
PR = { Eaed £ < £) < fm (20)
1 fzmm sz(ﬁ)

Here, I' (f, (9)) and f,(9) represent the membership functions or solutions in zth objec-
tive and value of objective at 9th frontier solutions, respectively. To determine the
optimal solution among frontier solutions, a maximum and minimum procedure is pre-
sented in Eq. (21). In Eq. (21), a high rate of minimum solution is introduced as the opti-

mal solution.

max {min T (£,(¢)) } (21)

Input data and case studies

Regarding the mathematical modeling of the stand-alone electrical grid in previous sec-
tions, numerical simulation considering the proposed optimization is implemented in
this section. In this section, input data and case studies of the optimization process are
introduced as follows:

The 37-node test system as a stand-alone electrical grid is depicted in Fig. 2 [26].
The input data of the DGs and hydrogen storage system in Table 2. is listed. The three
DGs with the same characteristics are considered in the test system. In Fig. 3, the load
demand of the consumers is shown. The offer price for implementing the incentive
approach and maximum demand shaving is considered by 60 $/kW and 35kW, respec-
tively. The case studies are presented as follows:

.13 11 10 .14 .15 o34
12 7 8 9 33 (32
23
6 . 31
37 5 4 16 21 22 36 *
*r —& » L 2 &
17
3 2 24 26 27 |30
18 19 ¢ ® .
1 20 ‘25 28 [35 29

Fig. 2 A 37-node test system as stand-alone electrical grid
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Table 2 Input data of DG and hydrogen storage system

Page 8 of 13

Parameters Value Unit
DGs data
a 0.93 $/kw?
B 14 S/kW
A 283 $
prmax 1000 kw
MY 10 hour
mP 15 hour
RU 1000 kw
RD 1000 kw
Hydrogen storage system data
P 100 kw
Pc 100 kW
Py 138 Bar
M 8314 J/Kmol
TH 310 °C
% 4 m3
4000 A
~ 3500 A
5 3000 -
g 2500 A
g 2000 H
8 1500 -
":3 1000 H
2 500 -
0 — T — T —

Fig.3 Load demand

Case study (A): Energy optimization without consideration of the incentive approach

and hydrogen storage system.

Case study (B): Energy optimization with the incentive approach and hydrogen stor-

age system.

These case studies are proposed for verifying energy optimization considering the par-
ticipation of the incentive approach and hydrogen storage system.

Results and discussion

The discussion and results of the numerical simulation based on participation and non-
participation of the incentive approach and hydrogen storage system in case studies B
and A are analyzed in this subsection. Also, results are compared to each other for verifi-
cation of energy optimization.
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Fig. 5 Frontier solutions for case studies. a Case A and b Case B

In Fig. 4, the load demand after and before implementing the incentive approach is
depicted. The electrical demand in Fig. 4 at hours 14, 15, 18-20, and 23 is shaved by
implementing an incentive approach. The mentioned hours are peak demand of the
consumers. In the following, frontier solutions for case studies A and B with six solu-
tions and objectives, such as energy cost and efficiency, are presented in Fig. 5. The
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frontier solutions are obtained using the PSO algorithm, and the optimal solution is
determined via the max—min fuzzy method. In Fig. 5a, the optimal solution has values
of $588,687.3 and 86% for energy cost and efficiency in case study A, respectively. But,
in Fig. 5b, energy cost and efficiency in the optimal solution are equal to $414,535.3
and 89%, respectively. The amount of the optimal solution in cases A and B by the
max—min fuzzy method is 0.453 and 0.425, respectively. As shown, implementing an
incentive approach and hydrogen storage system participation in case study B led to
reduced energy cost and enhanced efficiency with values of 29.5% and 3% compared
to case study A.

In Table 3, electrical power dispatch in case study A is listed. In case study A, ENS
is done at hours 14, 15, 18-20, and 23, or peak demand, because of the low genera-
tion of DGs. The total ENS in case A has a value of 2520 kW. But in Table 4, with the
implementation of an incentive approach and hydrogen storage system participation
in case study B, the total ENS is minimized by 1120kW to case study A. In the fol-
lowing, the hydrogen storage system is discharged at hours 15, 19, and 20 to meet
peak demand and reduce ENS. Also, the incentive approach leads to a decrease in the
energy cost of the DGs at peak hours.

Table 3 Electrical power dispatch in case study A

Hour DG 1 (kW) DG 2 (kW) DG 3 (kW) ENS (kW)
1 820 1000 0 0

2 810 1000 0 0

3 720 1000 0 0
4 630 1000 0 0

5 750 1000 0 0

6 1000 1000 210 0

7 1000 1000 410 0

8 1000 1000 450 0
9 1000 1000 710 0
10 1000 1000 520 0
11 1000 1000 1000 0
12 1000 1000 210 0
13 1000 1000 950 0
14 1000 1000 1000 10
15 1000 1000 1000 520
16 1000 1000 510 0
17 1000 1000 610 0
18 1000 1000 1000 550
19 1000 1000 1000 410
20 1000 1000 1000 520
21 1000 1000 620

22 1000 1000 630 0
23 1000 1000 1000 510

24 1000 1000 210 0
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Table 4 Electrical power dispatch in case study B

Hour DG 1 (kW) DG 2 (kW) DG 3 (kW) ENS (kW) Hydrogen
storage system
(kw)

1 820 1000 0 0 0

2 810 1000 0 0 0

3 720 1000 0 0 0

4 630 1000 0 0 0

5 850 1000 0 0 —100

6 1000 1000 210 0 0

7 1000 1000 410 0 0

8 1000 1000 450 0 0

9 1000 1000 710 0 0

10 1000 1000 520 0 0

11 1000 1000 900 0 0

12 1000 1000 210 0 0

13 1000 1000 950 0 0

14 1000 1000 1000 10 0

15 1000 1000 800 100 100

16 1000 1000 610 0 -100

17 1000 1000 610 0 0

18 1000 1000 1000 200 0

19 1000 1000 800 260 40

20 1000 1000 800 350 50

21 1000 1000 620 0

22 1000 1000 630 0

23 1000 1000 1000 200

24 1000 1000 210 0

Conclusions and future scope

This paper presented energy optimization of the stand-alone electrical grid with
the participation of the hydrogen storage and demand side. The optimization of the
stand-alone electrical grid is based on maximizing efficiency and minimizing the
costs of energy consumption as the main objective functions are modeled. The mod-
eling efficiency is formulated considering the ratio of the ENS to energy generation
by resources. And costs of energy consumption are modeled as consumption of fuel
costs by resources. The consumers’ participation is proposed based on an incentive
approach to consumers for demand shaving in peak times. Also, a hydrogen storage
system is installed in the stand-alone electrical grid to improve the main objectives.
The PSO algorithm and max—min fuzzy method for energy optimization and solving
objective functions are applied. The simulation of the energy optimization in two case
studies considering non-participation and participation of the incentive approach to
consumers and hydrogen storage system is done. Finally, the results of the simula-
tion show optimal and better values of the objectives considering the participation of
the incentive approach to consumers and hydrogen storage system in the stand-alone
electrical grid.

Future studies considering this work can be expanded as follows:
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1) This work can be modeled by other approaches such as the robust optimization
approach.

2) The uncertainty of the energy demand and renewable energy sources can be consid-
ered in this study.

3) The new objective functions like energy losses can be modeled in the proposed study.

Nomenclature

Indices and Abbreviations

t Index of time Hours
d Index of diesel generator (DG) -

DG Diesel generator

ENS Energy not supplied kw
hss Index of hydrogen storage system -

PSO Particle swarm optimization algorithm

Parameter and variables

ABC DGs' cost factor S/kW
Cor Incentive approach cost $

Cos Energy cost of DGs $

A Bid price for incentive approach $

Dy, Dens De Demand shaved, ENS, and demand kw
Pre Py Fuel cell and DG powers generated kw
Pry, Pur Electrolyzer power and hydrogen power kw
uof e DGs'status (on=1 and off=0) -

Ugns Binary variables of the ENS -

M Gas value J/Kmol
TH Temperature of tank °C

v Volume of tank m?
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