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Handling Editor: Henrik Lund Renewable resources and energy storage systems integrated into microgrids are crucial in attaining sustainable
energy consumption and energy cost savings. This study conducts an in-depth analysis of diverse storage systems

Keywords: within multi-energy microgrids, including natural gas and electricity subsystems, with a comprehensive focus on

Decomposition techno-economic considerations. To achieve this objective, a methodology is developed, comprising an opti-

Energy storage systems

Microgrid

Natural gas and electricity systems
Techno-economic analysis

mization model that facilitates the determination of optimal storage system locations within microgrids. The
model considers various factors, such as operating and emission costs of both gas and electricity subsystems, and
incorporates a sensitivity analysis to calculate the investment and maintenance costs associated with the storage
systems. Due to the incorporation of voltage and current relations in the electricity subsystem as well as gas
pressure and flow considerations in the natural gas subsystem, the developed model is classified as a mixed-
integer nonlinear programming model. To address the inherent complexity in solving, a decomposition
approach based on Outer Approximation/Equality Relaxation/Augmented Penalty is developed. This study offers
scientific insights into the costs of energy storage systems, potential operational cost savings, and technical
considerations of microgrid operation. The results of the developed decomposition approach demonstrate sig-
nificant advantages, including reduced solving time and a decreased number of iterations.

friendly energy system [4]. However, even in a multi-energy microgrid,
1. Introduction a significant part of the cost still comes from supporting technologies
that are necessary to deal with the variability and uncertainty of
renewable resources, such as storage systems that charge energy when
there is excess supply and discharge during peak periods [5]. Re-
searchers are always looking for solutions to either eliminate or reduce
the existing challenges in front of the high penetration of renewable
energy sources. Therefore, techno-economic studies of energy storage
systems can play an important role in reducing costs and increasing the
use of renewable energy sources.

A considerable number of studies have been conducted to investigate
microgrids from a techno-economic point of view. These studies can be
divided into two main groups, including the analysis of multi-energy
systems and single-energy systems. While some studies propose linear
models for examining this problem, others consider more precise and
nonlinear models. In the studies with linear models, Mixed-Integer
Linear Programming (MILP) solvers are mainly used to solve the

Increasing energy consumption without proper management and
planning can result in increased pollution and waste of natural re-
sources. Harnessing green renewable energy resources has become
increasingly important to cope with the mentioned problem [1]. It is due
to their potential to control the negative effects of carbon dioxide
emissions and help the environment, which is experiencing alarming
global warming [2]. Research on microgrids has grown in recent years as
a result of their ability to assist in the integration of renewable energy
sources into electricity systems while also enhancing flexibility, reli-
ability, efficiency, and reducing environmental impact [3]. Another
important potential of microgrids is a wide opportunity to use
multi-carrier energy systems for energy generation and conversion.
Integrating different energy carriers in an optimal framework can also
facilitate progress toward a reliable, cost-effective, and environmentally
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Nomenclature Pic" min/max ) finimum/maximum discharging power from storage
systems (kW)

Indices effdch/ch  Efficiency of discharge/charge (%)
b Index of buses in electricity system in/max  \pe s . o
. SC?(“ Minimum/maximum stored energy within storage systems
j Index of years
. (kWh)
n Index of nodes in natural gas system 0 L L
y Index of injection nodes in natural gas system SCi, Initial stored energy within storage systems (kWh)
p Index of Pipes ‘in natur.al. gas system Decision variables
l Index of lines in electricity system OF Objective function ($)
k injex og ;sit‘ora'ie sy(sltems b cinv Cost of investment ($)
m ndex of 1str1. uted renewable energy systems oM Cost of Maintenance ($)
iter Index of iterations oper .
¢ Period Cop Cost of operation ($)
cco2 Cost of emissions ($)

Parameters 8% Cost of natural gas system operation ($)
Diay Total energy demand during a day (kWh) Ccelee Cost of electricity system operation ($)
pear Total energy demand during a year (kWh) GNS,;  Natural gas-not-supplied (kcm)
ce Cost of purchased volume of natural gas from main grid AGP,;  Changes in volume of natural gas within pipelines (kcm)

($/kem) Ghr Transmitted volume of natural gas through pipelines (kcm)
cP Cost of changes in volume of natural gas within pipelines in Dnt Gas pressure (mbar)

gas system ($/kem) GPy, Volume of natural gas within pipelines (kcm)
CC:Z Cost of emission produced by dispatchable units ($/kW) Gsf‘ty Purchased volume of natural gas from main grid (kem)

'Si 1 1 .

CBS Cost oi gas sheddlnf in natural gas system ($/kWL Qf?e Reactive power within lines (KVAR)
¢ Cost of investment for energy storage systems ($/kW) Gn Transmitted gas from gas system to supply non-renewable

Capy Capacity of storage systems (kW)

dispatchable generating units to produce electricity (kem
CcMBS Maintenance cost of energy storage systems ($/kW) P & & P ty (kem)

by lim o . Y Purchased power from main grid (kw)
Gy v Limitation of volume of purchased natural gas from main ’ X ;
grid (kem) Gy, Gas consumption of non-renewable dispatchable
. . . . . ti its t d lectricity (k
v, Price of purchasing electricity from main grid ($/kW) " generajl 18 units to pro u?e € ?C ricity (kem)
, . . . . . Py Electric power sold to main grid (kW)
7 Price of selling electricity to main grid ($/kW) i . .
’ . L. ) . Py, Output power of non-renewable dispatchable generating
ap Variable cost of electricity production using non- ’ units (kem)
re.newable disp atcll.al?le units ($/k W) . Up Status of non-renewable dispatchable generating units (0/
B Fixed cost of electricity production using non-renewable ’ )
dispatchabl it
ispatchable units ($) ppe Output power of distributed renewable energy resources
r Interest rate (%) t kW)
Cp Coefficient of Lacey’s Equation for low-pressure natural Q. Reactive power (kVAR)
gas ( 11%871) I, Magnitude of current (Ampere)
€
? Vi Magnitude of Voltage (Volt)
Dia, Diameter of pipelines (mm) SCp, Energy stored in storage systems (kWh)
Le, Length of pipelines (m) Piht Charged power (kW)
r " Lifespan .(year) peh Discharged power (kW)
D&% Demand in gas system (kcm) i . s
o o L P Active power within lines (kW)
GP,, Initial volume of natural gas within pipeline in gas system ! . . . .
" (kem) Vi Binary variable indicates whether storage system is
. I installed (0/1
Pf_f max Maximum output of renewable distributed energy installed (0/1)
resources (kW) Abbreviations
PZ""/ M Minimum/maximum output of non-renewable distributed MILP Mixed integer linear programming
generating units (kW) MINLP  Mixed integer nonlinear programming
Rampl'f"wn/”p M Maximum ramp down/up (kw) GAMS  General Algebraic Modeling System
e Maximum magnitude of current through electrical lines P2G H.yd.rogen storage
LI Lithium-Ion
(Ampere) LA Lead-Acid
in/max P . . ead-AcCl
vy Mln.lmurn/ma)umum magnitude of voltage (Volt) PSO Particle swarm optimization
R Resistance (ohm) GBD Generalized Benders Decomposition
X; Reactance (ohm) mbar Millibar
7 Impedance (ohm) CH Charge
v Coefficient of calculating required amount of natural gas to DG Distributed renewable resources
produce electricity using gas-fired units (kem/kW) MW(h) Megawatt (hours)
i EfﬁClE.)l'l.Cy Oof non-renewable gas-fired units to produce HOMER Hybrid Optimization of Multiple Energy Resources
. electricity (%) DICOPT Discrete and Continuous Optimizers
p/m™ Minimum/maximum pressure (mbar) CA Compressed air storage
PErmin/meX \inimum/maximum charging power into storage PV Photovoltaic
systems (kW) WT Wind turbine
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OA/ER  Outer Approximation/Equality Relaxation
OA/ER/AP Outer Approximation/Equality Relaxation/Augmented
Penalty

kW(h) Kilowatt (hours)
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cm Cubic meter

DCH Discharge

FG Flexible dispatchable unit
MG Main grid

problem using General Algebraic Modeling System (GAMS) software or
Hybrid Optimization of Multiple Energy Resources (HOMER) software.
However, solving nonlinear optimization problems is challenging so that
heuristic methods are usually used to solve this class of problems.
Among the studies on multi-energy microgrids, in Ref. [6], optimal
microgrid planning is examined by developing a Mixed-Integer
Nonlinear Programming (MINLP) formulation to consider combined
heat and power units, compressed air storage systems (CA), renewable
resources, and thermal storage systems. The results prove that the
simultaneous integration of the technologies significantly reduces the
operation and emission costs. In Ref. [7], by developing an MILP model,
techno-economic analysis is conducted to study the integration of
photovoltaic (PV) systems and hydrogen storage systems (P2G) into a
microgrid of an airport. A sensitivity analysis is also performed, which
indicates the cost reduction by the P2G integration. In Ref. [8],
techno-economic allocation of different devices in a microgrid, optimal
operation, and demand side management are studied to achieve an
efficient renewable-based microgrid. Mathematical modeling is in the
form of MILP, and the results show a significant reduction in the oper-
ating cost of microgrids due to demand-side management. In Ref. [9],
another MILP model is introduced with the objective of economic
evaluation of isolated microgrids with biomass technology integration
for rural electrification of India. The results show that the integration of
this technology is beneficial and improves the cost of operation in an
isolated microgrid. In Ref. [10], another MILP model is introduced to
provide new indicators for estimating multi-energy microgrids’
techno-economic and environmental potential in island mode. Consid-
ering two microgrids in Denmark and Croatia, the results show the
significant role of energy storage in adding flexibility. In Ref. [11], an
MILP model is also proposed for the analysis of the impact of battery and
thermal storage systems on microgrids in England. It concludes that the
storage systems improve the economic operation of the microgrid. In
Ref. [12], an MILP model is introduced to optimize the size and opera-
tion of renewable energy resources, P2G systems, and fuel cell systems
for a microgrid in Canada. It proves that the economic design of the
microgrid based on renewable energy and P2G devices can be a
cost-effective option.

In [13-16], the techno-economic study of microgrids is conducted
using HOMER software. In Ref. [13], the role of hybrid distributed re-
sources is examined to supply electricity in remote areas and find an
optimal solution. It concludes that the combination of wind/fuel cell/-
diesel generation/battery systems is an optimal option. In Ref. [14], an
economic feasibility study is conducted to study different scenarios to
design an isolated renewable-based microgrid in Korea. The results
indicate the inverse relationship between reliability and energy costs. In
Ref. [15], another economic feasibility study of multi-energy microgrids
in rural areas is conducted. The simulation results demonstrate pollution
reduction, job creation, and cost reduction. In Ref. [16], a
techno-economic analysis is conducted to install heat pumps that
convert excess electricity production into thermal energy in a microgrid
at the University of Genoa. The output addresses that the presence of the
heat pump increases energy efficiency.

The following studies investigate multi-energy microgrids with non-
linear models from techno-economic aspects [17-22]. These studies
typically employ meta-heuristic algorithms to solve the optimization
problem. For instance, in Ref. [17], an optimization approach is pre-
sented based on particle swarm optimization (PSO) for techno-economic
analysis and optimal sizing of the multi-energy microgrid in Iran. The
total annual cost is presented as the objective function of the problem,

which covers investment, operation, and maintenance costs. In
Ref. [18], an optimization model is developed in which thermal and
electrical loads are supplied using PV panels, Wind Turbines (WT),
thermal storage, and battery storage. This problem is optimized by a
novel approach, called Evolutionary PSO. In Ref. [19], the performance
of different Artificial Intelligence techniques is evaluated for optimal
sizing of a PV/Wind/Fuel cell hybrid system to continuously meet load
demand with minimum annual total cost. For this purpose, four heuristic
algorithms, including PSO, Tabu Search, Simulated Annealing, and
Harmony Search are applied. In Ref. [20], another heuristic method is
presented to optimize a multi-carrier energy microgrid operating cost.
This study indicates that an energy hub is an appropriate solution to
reach this aim. In Ref. [21], a hybrid energy storage model is presented
for a multi-carrier energy microgrid, which consists of batteries and heat
storage systems. Then, the operating cost of the microgrid is optimized
using Lagrange Method. In Ref. [22], a scenario-based expansion plan-
ning model is proposed for a multi-energy microgrid. It determines the
optimal combination of distributed energy resources, their location, and
their size while minimizing the overall costs of the microgrid and carbon
emissions.

Other reviewed studies are related to the techno-economic optimi-
zation of single-energy microgrids. As previously mentioned, techno-
economic analysis is performed using linear and non-linear models. In
Ref. [23], a techno-economic study is presented to reduce the depen-
dence of microgrids on the upstream grid and address the critical de-
mand. This model is in the form of MILP and finds the optimal size for
batteries, PV systems, and biomass and diesel generators in a microgrid.
In Ref. [24], a multi-objective approach to optimizing different eco-
nomic indicators of microgrids is presented. Sensitivity analysis is also
implemented and indicates the effects of electricity price, load shedding
cost, and dispatching strategy considering an isolated microgrid in
Uganda. In Ref. [25], a model is developed to determine an optimal and
economic design of combined heat and power systems, PV, WT, storage
systems, electric chiller, absorption chiller, and electric heater in a
remote microgrid. The Evolutionary PSO algorithm is also developed in
this study, whose convergence and solving time are compared to PSO,
Differential Evolution, Genetic Algorithm, and Harmony Search
algorithms.

In [26-31], simulation is conducted using HOMER software to
implement techno-economic analyses of microgrids. In Ref. [26], the
analysis of Lithium-Ion (LI) and Lead-Acid (LA) batteries is conducted in
a microgrid, which consists of PV systems, WTs, and diesel and biodiesel
generators. The outputs demonstrate that LI batteries are technically and
economically more beneficial than LA batteries. In Ref. [27], a
techno-economic assessment is implemented using HOMER software to
compare different scenarios of battery systems for a microgrid in
Thailand. The results show using second-life LI batteries in microgrids
can be a cost-effective and technically acceptable solution compared to
fresh LI batteries. In Ref. [28], the study is conducted considering a
microgrid that consists of WTs, PV systems, storage systems, electric
vehicles, and controllable loads. The results show that the operation of
distributed resources and storage devices, along with the optimal
management of controllable loads, significantly reduces energy costs. In
Ref. [29], to carry out a techno-economic study, different configurations
of various sources of energy production in microgrids are considered
using HOMER software. Examining a microgrid in India, it is concluded
that the economic configuration is a combination of solar, wind, diesel
generator, and battery systems. In Ref. [30], a multi-objective sizing
model is developed using HOMER software, which considers technical,
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environmental, and social indicators. The results prove that
multi-criteria analysis can provide an optimal combination of different
sources more efficiently. In Ref. [31], another techno-economic analysis
is implemented considering six isolated microgrids with renewable en-
ergy production located in Colombia. This study determines the optimal
operating and emission costs and introduces LI batteries as a suitable
alternative to LA batteries due to their lifespan and efficiency.

As mentioned, in the literature, some studies are related to single-
energy microgrids with non-linear optimization models [32-37]. In
Ref. [32], a techno-economic analysis of CA storage and PV systems is
optimized using Genetic Algorithm for a microgrid in Switzerland. It
concludes that CA systems with a higher nominal power are more
cost-effective compared to lower power ones. In Ref. [33], a
techno-economic assessment of replacing PV systems and batteries is
studied. The results of solving by Genetic Algorithm show the operating
cost saving in the presence of replaced PV systems. In Ref. [34], to
maintain a continuous energy supply to a rural area, a grid-connected
microgrid is designed, consisting of PV and battery systems. Using the
Artificial Bee Colony Algorithm, the optimal size of different compo-
nents in the microgrid is determined. In Ref. [35], another
techno-economic study examines a hybrid microgrid with renewable
resources to reduce the final cost of energy and the probability of loss of
load. The PSO is utilized to optimize the problem, whose results indicate
a hybrid microgrid that consists of PV, wind, and storage systems re-
duces costs and the probability of loss load. In Ref. [36], a novel
approach is introduced to deal with the problem of the economic sizing
of a PV/wind/diesel/battery microgrid. Three different multi-objective
meta-heuristic algorithms are introduced to determine an optimal
design considering different economic aspects. In Ref. [37], a model is
developed to minimize annual loss of load, emission, and battery life
cycle costs in a microgrid. It indicates that the number of people without
access to electricity can be significantly reduced by using distributed
renewable energy sources.

Although the recapped studies utilize heuristic methods to deal with
the complex optimization problems of techno-economic analysis,
decomposition methods can also be employed when there is a complex
MINLP or even MILP Model. The main advantage of decomposition
methods is that they generally use precise mathematical methods and
divide the main problem into two parts (i.e., a master problem and a
subproblem). This approach reduces the computational burden signifi-
cantly. While there are different methods of decomposition, Banders
Decomposition [38] and Outer Approximation/Equality Relaxation
(OA/ER) [39] methods have received significant attention. Benders
Decomposition and its variants have great potential to cope with the
complex MILP and MINLP optimization problems. However, the OA/ER
has shown even superior performance when the problem being exam-
ined has nonlinear constraints in the form of equality [40]. The Outer
Approximation decomposes the original problem into a master problem
and a subproblem. The master problem deals with continuous variables,
while the subproblem handles binary variables. The master problem
provides an initial feasible solution, and the subproblem generates valid
cuts to enhance the solution. Equality Relaxation involves relaxing
certain constraints in the problem by converting them from strict
nonlinear equalities to linear inequalities, and the obtained solution is
used to guide the resolution of the original problem. A variant of OA/ER,
called Outer Approximation/Equality Relaxation/Augmented Penalty
(OA/ER/AP), is a method used to handle complex constraints in opti-
mization problems. It adds a penalty term to the objective function that
penalizes violations of the constraints. By adjusting the penalty term, the
algorithm balances the objective function with the constraint violations,
encouraging convergence toward feasible solutions. To be more specific,
the Augmented Penalty broadens the feasible region, thereby reducing
the likelihood of truncating feasible solutions due to invalid lineariza-
tion. Among the studies in the related fields, in Ref. [41], the charging
and discharging power of electric vehicles in a microgrid are scheduled
to assist demand provision. The mathematical model is in the form of
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MILP, which, due to the high computational burden, the Benders
Decomposition method is used to be solved. With the emergence of
active distribution networks, there has been a notable rise in the inte-
gration of distributed energy resources within these systems. As a result,
the problem of economic dispatch is faced with complexity to be solved.
In Ref. [42], Benders Decomposition is utilized to improve the calcula-
tion accuracy of the economic dispatch problem. In Ref. [43], an opti-
mization model based on Benders decomposition is introduced for the
techno-economic study of microgrids for the Brazilian Amazon region.
In Ref. [44], a risk-constrained method is purposed for the optimal
planning of a hydrogen-based zero-carbon multi-energy microgrid. This
model is designed to meet the energy requirements (electricity, heating,
and cooling) in rural areas. To solve the complex MILP model, Benders
Decomposition is used in this study. In Ref. [45], the optimization of
microgrids operation and charging/discharging schedule of storage
systems is formulated as an MINLP problem. To find the optimal solu-
tions for the problem, a parallel computing method is presented based
on Generalized Benders Decomposition. The simulation results show
that the proposed method has considerable potential to facilitate the
ability of parallel computing in microgrid operation. In Ref. [46], a MILP
model is presented for the planning of the electricity and gas network. In
order to solve this model, Benders Iterative Decomposition method is
developed to divide the problem into a main investment problem and
three operating sub-problems. The iterative process between the main
problem and each sub-problem is continued until a practical, economic,
and reliable solution is obtained. In Ref. [47], the scheduling of gas and
electricity transmission networks is optimized considering different
wind profiles using Generalized Benders Decomposition. The obtained
results of the problem indicate the effectiveness of the solving approach.

Previously mentioned papers have conducted techno-economic an-
alyses of microgrids with various assumptions and considering different
case studies (Table 1). By reviewing these studies, it is crystal clear that
no techno-economic study compares the economic feasibility of
different high-energy-density storage systems in microgrids. Further-
more, the scarcity of techno-economic studies that simulated energy
systems (e.g., natural gas distribution system, electricity distribution
system, etc.) highlights the need for attention to make the models more
realistic. Addressing the research gap in the field, this paper introduces
an economic feasibility model specifically designed for high-energy
density storage devices within a multi-energy microgrid. The model
takes into account both gas and electricity subsystems, with a particular
focus on scenarios featuring a substantial penetration of renewable en-
ergy resources, such as wind turbines (WTs) and photovoltaic (PV)
systems. The main contribution of this paper is explained in the
following.

@ Proposing a mathematical model to perform a comprehensive
techno-economic analysis of various types of energy storage systems,
including LI, CA, LA, and P2G systems. The model incorporates the
investment and maintenance costs of these storage systems through
sensitivity analysis. Moreover, it takes into account the optimal
operation of a multi-energy microgrid, encompassing both gas and
electricity distribution grids. Notably, the optimization model con-
siders active and reactive power in the electricity subsystems, as well
as pressure and flow dynamics in the natural gas subsystem. By
incorporating these factors, the model provides a more realistic
depiction of the system’s operational dynamics.

@ Developing a solving approach based on a decomposition method,
called OA/ER/AP, to solve the proposed model. In the developed
solving approach, to tackle the computational complexity associated
with analyzing a multi-energy microgrid over an entire year, a
clustering method is employed. This method selectively identifies
characteristic days that effectively represent the behavior and pat-
terns of the entire year, significantly reducing the computational
burden while still capturing the essential dynamics of the system.
After that, as the main contribution, an extra step is integrated into
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Table 1
Systematic review of studies in the field of techno-economic analysis on microgrids.
Ref. Objective Solution method Decomposition  Network consideration Solver Class of Type of storage
- - . optimization . T
Exact  Heuristic Electricity =~ Others 3 BES CA P2G
(linear or
nonlinear)/
Simulation
software
[6] - Minimize operation cost v - - v - DICOPT MINLP - v -
- Minimize emission
[7]1 - Minimize investment, v - - - - - MILP v - v
operation, and emission
costs
[8] - Minimize investment, v - - - - INTLINPROG MILP v - -
operation, and emission
costs
[9] - Minimize investment, v - - - - Gurobi MILP v - -
operation, maintenance,
and emission costs
[10] - Minimize cost of v - - - - Gurobi MILP v - v
operation
[11] - Minimize cost of v - - - Hydrogen  FICO Xpress MILP v - -
operation
[12] - Minimize cost of v - - - - - MILP - - v
operation
[13] - Investment, operation, - - - - - - HOMER v - v
and maintenance costs
[14] -Investment, operation, — — - - - — HOMER v - v
and maintenance costs
[15] -Minimize investment, - - - - - - HOMER v - v
operation, maintenance,
and emission costs
[16] - Cost of operation - - - - - - W-ECOMP - - -
[17]1 - Minimize cost of - v - - - PSO MINLP v - -

investment, operation,
and maintenance

[18] - Minimize cost of - v - - - PSO MINLP v - -
investment, operation,
and maintenance

[19] - Minimize cost of - v - - - PSO MINLP v - v
operation and
maintenance

[20] - Minimize cost of - v - - - PSO MINLP v - -
operation and
maintenance

[21] - Minimize cost of - v - - - Lagrange MINLP v - -
operation

[22] - Minimize Cost of v - - — — PSO MINLP v - -
operation and
maintenance

[23] - Minimize cost of v - - v Heat GLPK MILP v - -
investment, operation,
and maintenance

[24] - Minimize investment, - v - - - GA MILP v - -
operation, maintenance,
and emission costs

[25] - Cost of investment and - v - - - PSO MINLP v - -
operation
[26] - Minimize investment, - - - - - - HOMER v - -

operation, maintenance,
and emission costs
[27] - Minimize investment, - - - - - - HOMER v - -
operation, and
maintenance costs

[28] - Investment, operation, — — — - - — HOMER v — —
and maintenance costs

[29] -Investment, operation, - - - - - - HOMER v - -
and maintenance costs

[30] -Investment, operation, - - - - - - HOMER v - -
and maintenance costs

[31] - Investment, operation, — — — - - — HOMER v — —
and maintenance costs

[32] - Cost of investment and - v - - - GA MINLP - v -
operation

[33] - Cost of operation - v - — — GA MINLP v - -

[34] - Minimize costs of - v - - - BC MINLP v - -

investment, operation,

(continued on next page)
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Table 1 (continued)

Energy 283 (2023) 128430

Ref. Objective Solution method Decomposition ~ Network consideration Solver Class of Type of storage
- - .. optimization -
Exact  Heuristic Electricity ~ Others 3 BES CA P2G
(linear or
nonlinear)/
Simulation
software
maintenance, and
emission
[35] Minimize costs of - v - - - PSO MINLP v - -
investment, operation,
and maintenance
[36] - Minimize costs of - v - - - PSO MINLP v - -
investment, operation,
and maintenance
[37] - Minimize costs of v - - - - FMINCON MINLP v - -
operation, maintenance,
and emission
[41] - Minimize operation cost v - v v - Benders MILP v - -
- Maximizing profit
[42] - Minimize cost of v - v v - Benders MINLP - - -
operation
[43] - Minimize cost of v - v - - Benders MILP v - -
planning
[44] - Minimize cost of v — v v — Benders MILP v - v
planning
[45] - Minimize cost of v - v v - Benders MINLP v - -
operation
[46] - Minimize cost of v - v v Natural Benders MILP - - -
planning Gas
[47] -Minimize cost of v Natural Benders MINLP — - -
operation Gas
Our Study - Minimize costs of v - v v Natural OA/ER/AP MINLP v v v
investment, operation, Gas

maintenance, and
emission

*BC: Bee Colony; *GA: Genetic Algorithm; *PSO: Particle Swarm Optimization; *BES: Battery Energy Storage (LI and LA storage systems); *CA: Compressed Air Energy
Storage; *“W-ECOMP: Web-Based Economic Cogeneration Modular Program; *GLPK: GNU Linear Programming Kit; “HOMER: Hybrid Optimization of Multiple Energy
Resources; *FMINCON: Find Minimum of Constrained Nonlinear Multivariable Function; and *ADMM: Alternating Direction Method of Multipliers.

the process, which involves solving the relaxed model to acquire an
initial point, thereby enhancing the overall efficiency of the problem-
solving process. Then, the decomposition approach effectively di-
vides the problem into a master problem and a subproblem. Through
an iterative process, these problems are solved sequentially, resulting
in a reduction of complexity and computational time required for
solving the overall problem. This decomposition method proves to be
an effective strategy for tackling the challenges associated with the
MINLP problems. It also utilizes Augmented Penalty to reach a global
optimal solution and prevent trapping into local optimal solutions.

Finally, the techno-economic analysis is conducted to examine the
role of different storage systems in a real-world case study which is a
microgrid consisting of an 11-node natural gas subsystem and a 33-bus
electricity subsystem.

2. Model and formulation

A microgrid refers to a set of suppliers and consumers at the distri-
bution level, such as distributed renewable energy sources (e.g., PV
systems and WTs), dispatchable units (e.g., small-scale gas-fired units,
diesel generators, fuel cells), energy storage systems, and residential and
industrial consumers [48]. A block is also located in microgrids to
control and coordinate different components. The short distance be-
tween suppliers and consumers reduces the loss of transmission and
increases the reliability of the system. Although a microgrid interacts
with the main grid during normal situations (i.e., purchasing and selling
electricity), it can be independently operated, called island mode, dur-
ing failure in the main grid. An illustration of a microgrid considering
both natural gas and electricity subsystems as well as different compo-
nents is indicated in Fig. 1. As demonstrated, the dispatchable gas-fired

units link gas and electricity distribution subsystems as they are utilized
beside the storage systems to deal with the variable output of renewable
systems owing to their fast ramping rate. Therefore, the variability of
renewable resources transmits to the gas subsystem, which can make the
coordinated operation beneficial.

Considering the mentioned issues, the main steps of this study,
including proposing the methodology to conduct techno-economic
analysis of storage systems (Subsection 2.1), developing the solving
approach (Subsection 2.2), introducing the case study (Section 3), and
technical and economic analyses (Section 4), are illustrated in, Fig. 2.
More precisely, in the first step, a methodology for the techno-economic
assessment of storage systems is proposed. In the second step, a solving
approach is developed, based on OA/ER/AP, to solve the optimization
problem. In the third step, a case study is introduced to examine the
proposed approach, consisting of gas and electricity distribution grids.
In the fourth step, analyses are conducted, and the obtained results are
discussed from technical and economic viewpoints.

2.1. Objective function and constraints of techno-economic analysis of
energy storage systems in multi-energy microgrids

The objective function of the problem consists of four terms (Equa-
tion (1)), including annual investment cost for energy storage systems

([ (;(l;j’fl} C™), cost of operation of the microgrid (C°"), the annual cost

of maintenance (CM), and the cost of emissions (C92). It should be noted
that r and j refer to the annual rate of return and lifespan of the project,
respectively.

Dday day

; D
inv oper
" Dyear’ ¢+ + Dyear

oF [M
(I+7r)y -1

.CM +CC02 (1)
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Fig. 1. Illustration of natural gas and electricity distribution subsystems in a multi-energy microgrid.

As discussed, the first term is the cost of investment for the storage
system, which is appropriate to the installed capacity multiplied by a
binary variable that indicates whether the storage system is installed or
not (Equation (2)). It is noteworthy to mention that this term includes
the cost of construction, purchased equipment, and installation. The
second term is the cost of microgrid operation (Equation (3)), including
the cost of electricity subsystem operation (C%¢) and the cost of natural
gas subsystem operation (C#%). The third term is the cost of maintenance
of the energy storage systems (Equation (4)). The last term is also the
emission cost that is appropriate to the output power of non-renewable
units and purchased power from the main grid (Equation (5)).
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The cost of operation is the summation of the gas distribution system
operation cost and electricity distribution system operation cost in the
microgrid, indicated in Equations (6) and (7). The gas system operation
cost includes the cost of purchasing natural gas from the main system
r, Z:Zlcg‘Gf,f‘ty ), the cost of changes in the amount of natural gas
(i.e., of
(Z[T:1 ZLC’P. AGP,,)), and the cost of gas-not-supplied (i.e., cost of gas
shedding (ZL1 Z;:1C5h4GNSn,t)). The cost of linepack management is
considered due to the characteristic of natural gas that takes time to be
transmitted from the supply nodes to the demand nodes. Natural gas in
pipelines can effectively handle demand variations, similar to storage
systems. The cost of gas-not-supplied is also considered to calculate the
amount of gas demand that can be supplied. However, as the corre-
sponding penalty is considerably high, the priority is to fulfill demand as
much as possible, while in emergency cases, gas shedding would be an

stored within pipelines cost linepack management

® Presenting a real-word case study .
® Technical analyses

- Output power of generating units
- Impact on gas network

which is a microgrid consists of

e Economic analyses
-Cost of investment for different
technologies
- Cost of operation

® 11~ g vork
N 11-node gas network - Peak demand provision
o - Capacity of storage systems
o o o - Location of storage systems
(-] o o o ° ]
o

® 33-node electricity network

® Role of decomposition

Fig. 2. Main steps of this study-analysis of storage systems in a multi-energy microgrid from technical and economic viewpoints.



V. Shahbazbegian et al.

option. In optimization, gas-shedding can also help achieve convergence
when demand exceeds supply. It means the model can make informed
decisions on which loads to shed and how to allocate the available re-
sources optimally [49]. The electricity system operation cost in the
microgrid consists of three terms, including the cost of purchasing
electricity from the main grid (37, 335 ,v.PyY), the revenue from
selling electricity to the main grid (— Y., Sp_,y,.P¥D), and the cost of
producing electricity using
(ZL] Zle (ap-Ppr + Pp.upr)). In the last term of electricity system
operation cost, gas-fired dispatchable units are not considered as the
cost of the required amount of natural gas for these units is in gas
network operation cost (e.g., only diesel generating units are consid-
ered). More precisely, the amount of required fuel for gas-fired units is
added to the gas flow balance. It should be noted that, in the third term,
the first part represents the variable cost of operation, while the second
part denotes the fixed cost of operation [50]. The fixed cost is multiplied
by a binary variable that indicates the status of dispatchable units (on or

off).

non-renewable  generating units

T Y T N T Y

Co=3"N"CG+ Y Y CPAGP, + Y Y C".GNS,, (6)

=1 y=I =1 n=1 =1 y=1

T B B , T B
CU=D 3 WP =D Y P+ YD (@Pot Bruws) (7

=1 b=l =1 b=1 =1 b=1
In Equations (8) and (9), the volume of purchased natural gas is limited
(Gf,f‘ty ), and the output and input natural gas from/to each node is
addressed (i.e., gas flow balance), which guarantees natural gas demand
provision.

Gin:\ S sz{)’ lim ‘v’y, V¢ (8)

GY = Gpi* = Di7 + G, — GNS,,

i, pe(n, ),y € Vi ©

In Equation (10), Lacey’s Equation for the natural gas subsystem is
indicated that connects the volume of natural gas within the pipelines
(Ggffe) to the pressure in nodes (p,:) [51]. This equation works for
low-pressure natural gas subsystems whose pressure is between 0 and 75
(mbar gauge). It is worthwhile to mention that assuming that p,, (mbar
gauge), we get Ggf‘[’e (cm). In Equation (11), the pressure of each node in
the natural gas distribution system is limited.

Gﬁf]f)e = CP vV Pn _pn'.r Vps(n,n/)ﬁ’t (10)
P < pay < P in, Vit 11)

In Equations (12) and (13), the volume of natural gas within pipelines
(G‘;f’t’e) is limited, and the changes in the volume of the stored natural gas
within the pipelines are indicated, respectively.

G;;[/)e min < G’F)tff < (‘;_Zi[le max vp7 Vit (12)

T
GPy =GPy, + Y@l = G ) dpe(n.n) i (3)
1
In Equation (14), the output and input electricity flow from/to each bus
is indicated, which guarantees that the active electric load is satisfied. In
the formulation, the power loss is assumed as a load at the beginning of
the lines. It is noteworthy to mention that Equation (14) illustrates the
ability to charge excess supply in the electricity subsystems, such as
renewable or nonrenewable power, into storage systems. This stored
energy can then be utilized later to assist in meeting demand re-
quirements [52]. In Equations (15) and (16), the output power of
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distributed energy resources (Pff) and dispatchable units (P,,) are
constrained based on their characteristics. In Equation (17), the required
amount of natural gas to produce electricity using non-renewable dis-
patchable units (Gy,) is indicated.

Py +PpC+ P+ P — P,

B , (14)
= Y (PI Ry ) = Pt + P, Le(b, ), Vi
b=1
PYO < PPO™ b, le(b,b), YVt 15)
Up s P < Py <ty P b, VI 16)
P
Gy, = 2L v Vb,V a7

My

In Equations (18) and (19), the changes in output power of dispatchable
generating units are limited, called ramping rate. More precisely, it is the
speed at which dispatchable units can increase and decrease their output
based on their characteristics (i.e., ramp up and ramp down, respectively
(Ramp;? ™™ and Rampgown max,

Py; = Pyy1 < Ramp,” " Vb, Vt (18)
Ph,t—] _ Pb.r S Rampcbiuwu max Vb, vl (19)

In Equations (20) and (21), reactive power flow from/to each bus and
the limitation of reactive power (Qp,) at each node are addressed. The
mentioned constraint is necessary to guarantee that reactive power is
satisfied.

B .
Qu+ X (O + X2, ) = Qb
b'=1

Vb, le(b,b),Vt

(20)

0" < Oy < Q) Vb,V 2D

In Equations (22) and (23), Kirchhoff’s Voltage Law is indicated that
connects voltage (V) and current (I;,) together (i.e., reactive and active
power) [53]. In Equations (24) and (25), the limitations of voltage and
current in the system are indicated.

Vi, = Vi, =2(RePli +X.00)

, (22)

+Z7 I}, le(b,b),Vt
Vie Ay = QU + P % le(b,b), Yt (23)
v < vy, < VY b, Vit 24
0 <1, <I'™ le(b,b),Vt (25)

In Equations (26)-(29), some constraints about the storage systems
operation are declared. Equation (26) shows the changes in the energy
level within the storage systems (i.e., state of charge (SC,)) considering
charging and discharging efficiency (eff" and eff®", respectively).
Equations (27)-(28) constrain the charged and discharged power of
these components (P, and P{h, respectively). Equation (29) is also the
limitation of stored energy within the storage systems. It is worthwhile
to mention that the binary variable multiplied by the limitation of the
state of charge is added to indicate whether the installation of candidate
storage systems is an optimal decision or not.

r
SCiv; = SC?[ + E (eﬁCh~Pi_h, _ Pfih/eﬁd”")
1
Vk, V't

(26)
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ch min < P;\ht < P;{'h max Vk Yt (27)
PZch min < P;(ic’h S P]il'fh max Vth (28)
Vi SCP" < SCry < SCP™ vy Yk, Vit (29)

2.2. Solving approach based on OA/ER/AP

Due to the reason that the problem of techno-economic analysis of
microgrids is in the class of mixed-integer nonlinear programming, a
decomposition method, called OA/ER/AP, is developed in this section to
solve the problem. OA/ER was first introduced by Kocis and Grossmann
in 1987 to solve optimization problems with nonlinear constraints in the
form of H(x) = 0 [54]. As the problem of techno-economic analysis of
energy storage systems in microgrids has some nonlinear constraints
(Equation (10), (22), and (23)), this decomposition can be developed to
find an optimal solution. However, this approach can be trapped into a
local solution when there is a non-convex constraint (i.e., this method is
based on the convexity of constraints). To cope with this problem,
OA/ER/AP is utilized, proposed by Viswanathan and Grossmann in
1990 [55]. This decomposition approach expands the feasible region,
which reduces the probability of cutting off the feasible region as a result
of invalid linearization, which guarantees reaching a globally optimum
solution.

The main steps of the algorithm of OA/ER/AP are introduced in this
section. For this purpose, consider an optimization problem, indicated in
Equation (30). In this problem, x and y are continuous and binary de-
cision variables, and H(x) = 0 and M(x) < O are nonlinear and linear
constraints.

Minimize OF =C".Y + F(x)
Subject to H(x) =0 (30)
M(x) <0
Cx+BY<0

To solve the mentioned optimization problem via OA/ER/AP, in the

first step, binary variables are initialized, resulting in the primal prob-
lem (Equation (31)).

Minimize OF = C".Y* + F(x)
Subject to h(x) =0 (3D
M(x) <0
Cx+BY <0

Solving the primal problem provides an upper bound (UB) and
optimal multipliers (1) for the next step. Then, the master problem is
solved by relaxing the nonlinear equality constraints (sgn(1)(H(x") +
VH(x%")(x — ™)) < 0) and considering Augmented Penalty (> w.p™")

iter
as indicated in Equation (32).

Minimize OF = C".Y + F(5) + Y 0.p™"
iter
(/1) (H (K[[('r) + VH (X[mr) (}{ _ Kifer) ) S piler
M(x) <0
Cx+BY <0

(32)

The outputs of the master problem give binary variables for the next
iteration as well as a lower band (LB). When the lower band and upper
band converge (UB— LB = 0), an optimal solution is obtained. Ac-
cording to discussed issues, to solve the techno-economic analysis of
storage systems in multi-energy microgrids, in the master problem,
Equations (10) and (22)-(23) (i.e., nonlinear equality constraints)
should be relaxed as explained in Equation (32). Furthermore, initial-
izing binary variables would be challenging, and solving the relaxed
model could be helpful before utilizing the decomposition method [56].
In the relaxed model, binary variables are treated as continuous vari-
ables constrained between zero and one, allowing for fractional values
between one and zero. Then, using the relaxed model, rounding up its
output to the nearest integer (zero or one) can provide the initial points
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for the decomposition method.

Aside from what is already mentioned, analyzing the multi-energy
microgrid for an entire year (i.e., 8760 h) poses significant computa-
tional challenges. As a solution, a clustering method is employed for the
selection of characteristic days which represent the whole year [57].
These selected days’ net electricity demand profiles, obtained by sub-
tracting renewable electricity generation from demand, are used for
analysis. In the following, the clustering algorithm is introduced to
facilitate this process. In the first step of the algorithm (Step 1), the
distance between different net demand profiles is calculated. The dis-
tance is computed by summing the squared differences between net
demand values for each time step. In Step 2, the two profiles with the
closest distance are identified. Step 3 involves comparing the frequency
of occurrence of the profiles to determine which profile has a lower
frequency, which is then deleted. In Step 4, the frequency of the deleted
profile is added to the closest profile, and the counter is decreased. If the
frequency of the first profile is greater than or equal to the frequency of
the second profile, the second profile is deleted, and the frequency of the
first profile is updated accordingly. Conversely, if the frequency of the
first profile is less than the frequency of the second profile, the first
profile is deleted, and the frequency of the second profile is updated.
Step 5 checks if the counter is equal to the desired number of profiles. If
it is, the algorithm terminates; otherwise, it returns to Step 1 for further
processing. The flowchart of this algorithm is also indicated in Fig. 3
[571.

3. Case study

In this section, a case study is presented to examine the role of
storage systems from technical and economic aspects (Fig. 4). A multi-
energy microgrid is considered, consisting of an 11-node gas distribu-
tion system (more detailed data in Ref. [58]) and a 33-bus electricity
distribution system (more detailed data in Ref. [59]). The natural gas
system consists of 11 nodes and 13 pipelines, and it is connected to the
natural gas transmission system via node one. The electricity distribu-
tion system consists of 33 buses and 32 lines, and it is also connected to
the main grid via bus one. As depicted, distributed renewable generators

Calculate distance between scenarios

Dis!nnce,-vi=ZJE,(Demmldil, - DE"lﬂ"di’,)

Identify two profile with the closest distance
A= Min (Distance; )

Add the frequency of the deleted profile to the
nearest one

Counter is equal to the
desired number of
profiles?

Fig. 3. Main steps of the clustering approach.
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Fig. 4. Case-study-natural gas and electricity subsystems in a microgrid.
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Table 2
Characteristics of storage systems.

Parameter LI [62,63] CA [63,64] LA [62,63] P2G [62,65]
Investment cost 1.09 $/W 1.17 $/W 1.8 $/W 3.12 $/W
Maintenance cost 3.70 $/kw 16.12 $/kW 5.90 $/kwW 28.51 $/kwW
Life 10 year 30 year 12 year 40 year
Efficiency 88% 52% 79% 35%

(i.e., PV systems and WTs) are connected to bus 15, bus 29, bus 30, and
bus 32 in the electricity system. Dispatchable units are also connected to
bus 2 and bus 9 in the electricity system. The dispatchable units in bus 2
and bus 9 in the electricity distribution system are supplied through
node 5 and node 6 in the natural gas distribution system, respectively
[50]. The required gas system’s data include the length and diameter of
lines, supply limitations, and natural gas demand, and in the electricity
system, generating units’ characteristics, load, electricity price, resis-
tance, reactance, and capacity of lines are necessary. While this study
assumes a scenario where the prices are the same, in real-world situa-
tions, the selling and purchasing prices may differ. However, in the
optimization model, different parameters for the prices are determined
for further implication and analysis.

Based on the step-by-step method represented in Subsection 2.2.,
Figs. 5 and 6 illustrate the distribution of wind and solar power avail-
ability as a share of the installed capacity and the gas and electricity
demand as a proportion of the peak demand during four characteristics
days, respectively ([57] and [60]). More precisely, this study conducts a
comprehensive analysis that investigates the behavior and characteris-
tics of the microgrid system throughout the year by examining four
selected days representing the whole year.

Different types of storage systems are also investigated in this paper,
whose characteristics are demonstrated in Table 2. The characteristics
include efficiency of charge and discharge, investment cost, operation
and maintenance costs, and lifespan of the components [61]. During the
sensitivity analysis focused on the capacity and quantity of storage in-
stallations, the capacity of storage systems is systematically incre-
mented. Concurrently, the sensitivity analysis also includes an increase
in the number of permissible nodes for storage installation. This enables
an examination of operating costs across various scenarios, with the aim
of evaluating the cost implications under a wide range of potential
conditions.

It is worthwhile to mention that DICOPT (Discrete and Continuous
Optimizers) solver is employed to solve this problem, and the results of
solving the optimization problem are compared using the mentioned
solver versus the developed solving method based on OA/ER/AP. To this
aim, the problem is solved using a computer with Intel Core i7, 2.5 GHz
CPU with 12 GB of RAM.

4. Results and analyses

In this section, different analyses are conducted in three main sub-
sections, including (i) sensitivity analysis of the capacity and location of
storage systems (Subsection 4.1), (ii) analysis of the operation of the
multi-energy microgrid (Subsection 4.2), (iii) analysis of different types
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of storage systems and technology integration (Subsection 4.3), and (iv)
computational analysis (Subsection 4.4), as follows.

4.1. Sensitivity analysis of the capacity and number of storage systems

In this subsection, an analysis is conducted to gain insights into the
location and capacity of storage systems to be installed (the third step of
solving approach). This analysis is conducted by considering the four
operating days which represent a year. The reason is to capture the
variations in load and the availability of renewable resources in different
seasons. In Fig. 7, the sensitivity analysis is conducted to examine the
impact of the installed capacity and the location of storage systems on
the operating cost of the electricity distribution subsystem in the
microgrid. In Fig. 7 (a), the vertical axis shows the operating cost of the
electric subsystem in the microgrid while the horizontal axis shows the
capacity of a type of energy storage system. In this stage, the number of
storage systems that can be installed is limited to one. By optimizing the
problem, it is determined that the optimal location for the storage sys-
tem is at node 7. Furthermore, the analysis shows that increasing the
capacity of the storage system leads to a reduction in the operating cost
of the electricity subsystem. Based on the outputs, when the installed
capacity of storage systems increases, the operation cost of the elec-
tricity distribution subsystem decreases. For instance, the integration of
2.4 MW of LI storage systems reduces the cost of operation from $16.62k
to $14.29k. In comparison with LA, CA, and P2G systems, the installa-
tion of the LI system is more beneficial as its charging and discharging
efficiency is higher. The storage systems are charged during the valley
and off-peak hours when the price of electricity is low and excess supply
is available by renewable energy resources. Then, these systems are
discharged to supply demand during peak hours of operation. It is
evident that energy storage systems with a higher efficiency provide the
operating cost of the microgrid with more cost savings (e.g., LI and LA
storage systems). Another analysis is conducted in Fig. 7 (b), in which
the operating cost of the electricity subsystem is investigated versus the
number of storage systems to be installed in different locations. The
analysis indicates that integrating three storage systems at buses 7, 19,
and 27 results in efficient operating cost savings. Increasing the number
of storage systems beyond this point does not yield significant additional
benefits in terms of cost reduction. The total installed capacity of the
storage systems, which is 1.2 MW, is evenly distributed among different
locations in this examination. It should be noted that the optimal loca-
tions of the storage systems are determined through the optimization of
the techno-economic analysis model proposed in this study. In Fig. 8, the
location of the storage systems to be installed is also indicated. The
optimal locations are situated in various branches and adjacent to
renewable resources and/or flexible dispatchable units, allowing for
strategic positioning and leveraging sustainable energy sources.

4.2. Analysis of the operation of the multi-energy microgrid

Another analysis is conducted in this subsection to examine how the
integration of energy storage systems leads to operating cost reduction
in the microgrid. For this purpose, in Fig. 9, the dispatch of the microgrid
is indicated for both the islanded and connected modes. When the
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;)D 16
£% 15
24
=
2, 14
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Storage Number of storage

Fig. 7. Operating cost versus installing capacities and quantity of storage systems.
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Fig. 8. Location of the energy storage systems to be installed (obtained in the sensitivity analysis).
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Fig. 9. Role of MG, FGs, DGs, and storage systems in demand provision in the
presence of different types of storage systems.

microgrid is connected to the main grid, the summation of interactions
with the main grid (MG), the output of distributed renewable (WTs and
PV systems) resources (DG), the output of flexible dispatchable units
(FG), and charged and discharged power of storage systems (CH and
DCH), are indicated during the one-day operating period (i.e, the first
representative day). In this case, in the connected mode, the output
power of flexible generating units and DGs are equal when different
types of storage systems are integrated into the electricity subsystem
(10.72 MW and 28.14 MW, respectively). The main difference is in the
interactions with the main grid. However, in the islanded mode, the
dispatch of the microgrid is discussed, when there is no interaction with
the main grid. In this case, only critical loads or a portion of the demand
can be supplied. As the microgrid is isolated, the interactions with the
MG are equal to zero. However, in the presence of storage systems, it is
indicated that the operation of renewable resources within the micro-
grid is more beneficial, as a result of the reduced loss of available
renewable power. For instance, as the efficiency of LI systems is higher
than others, it reduces the renewable power spillage by 2 MW. The
charged and discharged energy of the storage systems during the oper-
ating period is also indicated. A higher discharge of power is evident for
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Fig. 10. Hourly dispatch of different components in microgrid considering LA
storage system.

12

EMG DG ®=FG " DCH mCH

(a) With storage

Power (MW)

-|1-I1-Iw-|-.-l-.-l-r-|-.—.—+.—rl1-|-rlw-|1-|-r|-rl.—rl.—rl-rl-

123456728 9101112131415161718192021222324

Time (hour)

DG ®FG (b) No storage

Power (MW)

-'-.-I-rl-rl-r-r-T-T-T-T-TlT-J-.-I-.]-.-I-rI-rLlT-TlTITITl

12345678 9101112131415161718192021 222324

Time (hour)

Fig. 11. Hourly dispatch of different components in the microgrid considering
LA storage system-a low demand and a high availability of renewable resources.

storage systems with higher efficiency, like LI and LA storage systems
(1.06 MW and 0.95 MW, respectively). It concludes that, in the con-
nected mode, when the efficiency of a type of storage system is lower, a
higher amount of energy is charged from the main grid. However, the
efficiency of the P2G system is considerably lower that is not economical
to be charged that much. In other cases (LI, CA, and LA systems), the
power is charged during the valley and off-peak hours of demand, and
storage systems are discharged into the microgrid to provide demand

=EMG DG FG mCH

DCH mTo Gas subsystem

Power (MW)

8 910111213141516171819202122

Time (hour)

-1

Fig. 12. Hourly dispatch of different components in microgrid considering
P2G systems.
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Table 3
Impact of P2G system integration into gas subsystem on operating cost.

Installed Operating cost of gas  Installed Operating cost of gas
capacity (MW) subsystem (k$) capacity (MW) subsystem (k$)

0.3 10.73 1.5 10.56

0.6 10.66 1.8 10.42

0.9 10.60 2.1 10.40

1.2 10.54 2.4 10.30

during peak hours. As an example, in Fig. 10, the hourly interaction of
different parties in the microgrid is shown when LA systems are included
in the microgrid. According to the results, storage systems are charged
from 01:00 to 08:00 and 23:00 to 24:00 (i.e., valley and off-peak hours)
and discharged from 10:00 to 22:00 (i.e., peak hours) which leads to the
operating cost saving.

Another analysis is conducted to examine the role of this specific
storage system when the demand is approximately 10% lower and the
availability of renewable resources is 20% higher. The results, consid-
ering both the presence and absence of this type of storage system, are
indicated in Fig. 11. The comparison also demonstrates how the storage
systems contribute to meeting the supply-demand balance from 07:00 to
22:00. Additionally, at the beginning and end of the one-day operating
period, the charging of storage systems helps prevent the curtailment of
available renewable power (from 01:00 to 05:00 and from 20:00 to
24:00).

Aside from the mentioned issues, the output of P2G systems can be
injected into the gas subsystem. It should be noted that it cannot be more
than 10% of natural gas supply or demand due to practical constraints.
More precisely, it is due to characteristics of hydrogen that can cause
leakage in the gas subsystem. Based on the explanations, the interactions
with the main grid, output power of distributed energy resources, and
charging and discharging of P2G systems are indicated during the one-
day operating period (i.e., the first representative day) considering
P2G systems and their capability to inject hydrogen into the natural gas

Sources of
oNatural Gas
H +1.66%
6.0 .0
1
L3500, ~063%| §  —7.53%)\ §

@ —4.46% 9 —10.07% o -11.22% e —5.38%

—0.03%

e —4.96%

-1.52%
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subsystem, in Fig. 12. As demonstrated, the P2G systems are charged
from 00:00 to 07:00 and 23:00 to 24:00 (i.e., valley and/or off-peak
hours of the operating period). As the output hydrogen of the P2G sys-
tems can be discharged into the gas system, it occurs from 08:00 to 11:00
and 13:00 to 15:00. However, from 12:00 to 13:00, as the price of
electricity is high, the hydrogen is used to regenerate electricity.

In order to study the impact of P2G systems on the operating cost of
natural gas subsystems during the four-day operating period, different
levels of installed capacity of these systems are examined in Table 3.
According to the analysis, the integration of the P2G systems into the
microgrid reduces the operating cost of the natural gas system from
$10.73k to $10.30k by increasing the installed capacity from 0.3 MW to
2.4 MW. Although, in this case, increasing the operating cost of the
electricity subsystem as installed capacity of distributed renewable re-
sources is less than demand, integration of P2G systems does not have
any impact on the operating cost when there is a considerable share of
renewable resources and spillage.

As discussed, the proposed optimization model considers voltage and
current in the electricity subsystem as well as natural gas flow and
pressure in the natural gas subsystem to provide a more realistic solu-
tion. In this regard, another analysis is conducted to examine voltage
deviation in the electric subsystem and changes in linepack within
pipelines in the gas subsystem in the presence of different storage sys-
tems as the stored gas within pipelines is directly proportional to pres-
sure. As an example, in Fig. 13, changes in linepack within the pipelines
are demonstrated in the presence of P2G systems while the variation of
the voltage deviation is indicated when LA storage systems are inte-
grated into the microgrid compared to no storage systems. The linepack
within the pipeline between node one and node two experiences a 1.66%
increase, attributed to the utilization of hydrogen injection to meet the
demand in nodes three, five, and seven. Nevertheless, due to the variable
nature of the injected hydrogen, which is produced by renewable re-
sources, it results in higher utilization of linepack within other lines by
11.22%. The reduction in the amount of linepack within pipelines leads
to reduce in the operating cost of the natural gas subsystem. Moreover,

(a) Changes in linepack within
pipeline in the presence of P2G
systems when their output hydrogen
injected into the gas subsystem
compared to no storage

1
Gas Pipeline ¥ Hydrogen Injection '
from P2G '

—1.23% —-0.65% —0.23% —6.08% —-0.98% —1.14% —2.74% —3.98% —5.29%
IMain Grid o6
O 0—©6
I —659% —15.76% _15.63% —15.66% —20.22% —14.60% —1437% —12.74% —1042% —-8.6% —7.88% —6.57%
(b) Voltage deviation

changes in the presence
of LA storage systems

-131% -1431% -10.69% -9.17% —7.52%

9—0

—571% —4.22% —267% -1.054% —1.054%

Dispatchable Units

Storage Systems

Fig. 13. Voltage deviation and linepack changes compared to when no storage systems exist.
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the integration of LA storage systems into electricity systems leads to
improvement in voltage deviation, ranging from approximately 1%-—
29% across different nodes. This improvement in voltage deviation is
attributed to the more effective utilization of active power within the
network, resulting in more efficient use of reactive power. Reducing the
voltage deviation in the electricity distribution subsystem brings bene-
fits, such as improved equipment performance, enhanced power quality,
energy efficiency, effective voltage regulation, mitigation of equipment
stress, and increased customer satisfaction.

4.3. Analysis of different types of storage systems and technology
integration

In this subsection, the costs of investment and operation, are studied
considering different types of storage systems. Fig. 14 shows the com-
parison of (a) total investment costs (b) annual cost of investment, and
(c) annual operating cost of the electricity subsystem in the microgrid,
when LI, CA, LA, and P2G systems are integrated. It should be mentioned
that, at this stage, the installed capacity is 1.2 MW at buses 7, 19, and 27.

Based on the figure, the LI and CA systems have the lowest total cost
of investment among the storage systems, which is around $1.35M. The
total cost of investment for LA systems is more than $2.00M. However,
P2G systems have a higher cost, which is $3.77M. It is worthwhile to
mention that storage systems have different lifespans. Therefore, when
comparing the investment cost of the storage systems, the lifespan can
be taken into consideration. The annual cost of investment also is indi-
cated, considering the lifespan of the energy storage systems. Based on
the analysis, CA and P2G systems have $58.12k and $115.83k annual
costs of investment. However, LI and LA systems have $160.60k and
$115.83k annual costs of investment, respectively. Aside from that, the
impact of each type of storage system on the operation of the electric
subsystem in the microgrid is examined. Based on the results, LI systems
provide microgrid owners with an operating cost saving of around 7%
compared to using P2G systems or no storage systems. The LA systems
also reduce the operating cost of the microgrid by around 6% compared
to using P2G systems or no storage systems. However, comparing CA
systems with P2G and no storage system indicates around 3% operating
cost saving. It should be noted that the investment cost saving by
employing P2G systems is negligible although P2G systems can provide
the natural gas subsystem with other benefits discussed previously.

4.4. Computational analysis

In the following, the obtained results of applying developed OA/ER/
AP are compared to other decomposition methods and the GAMS soft-
ware’s solver, DICOPT [4]. In Table 4, the value of the objective function
refers to total costs, including investment cost for energy storage systems
allocated to the operating period (i.e., the first term of the objective
function), cost of operation of gas and electricity subsystems in the
microgrid (i.e., the second term of the objective function), cost of

2 4 g
a g
1.5 3 2
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g 2
o (5}
c ! 2 g
S 0.5 1 5
< 3
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LI (cff=88%) CA (eff=52%) LA (eff=79%) P2G (eff=35%) No Storage

B Annual investment ® Annual operating cost of microgrid ® Total investment

Fig. 14. Comparison of total investment costs, annual cost of investment, and
annual operating cost for different storage systems.
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Table 4
Comparison of different solving methods for techno-economic analysis of energy
storage systems in the multi-energy microgrid.

Solver or Type of Value of Solving Solution Number of
solving storage objective time Gap (%) iterations
approach systems function (M (Second)
$)

DICOPT LI 7.96 103.22 0.10 -

CA 8.16 103.22 0.10 -

LA 9.03 103.22 0.10 -

P2G 8.07 103.22 0.10 -
GBD LI 7.96 73.12 0 8

CA 8.16 73.12 0 8

LA 9.03 73.12 0 8

P2G 8.07 73.12 0 8
OA/ER LI 7.96 41.84 0 3

CA 8.16 41.84 0 3

LA 9.03 41.84 0 3

P2G 8.07 41.84 0 3
OA/ER/AP LI 7.96 38.45 0 3

CA 8.16 38.45 0 3

LA 9.03 38.45 0 3

P2G 8.07 38.45 0 3

*DICOPT: Discrete and Continuous Optimizers; * GBD: Generalized Benders
Decomposition; * OA/ER: Outer Approximation/Equality Relaxation; and * OA/
ER/AP: Outer Approximation/Equality Relaxation/Augmented Penalty.

maintenance (i.e., the third term of the objective function), and cost of
emissions (i.e., the fourth term of the objective function). The solution
gap refers to the difference between the upper bound and the lower
bound when the solution approach convergent to the optimal solution.
The last column of the table also indicates the number of iterations that
takes until the upper and lower bound of the solution convergent. The
results demonstrate that the developed method based on OA/ER/AP
method converges to optimal solutions faster than other decomposition
methods, with a notable time of 38.45 s. However, OA/ER provides the
solutions at approximately the same time (41.84 s). On the contrary, the
solving time of the problem using the Generalized Benders Decompo-
sition (GBD) is around double of the latter method, which is 73.12 s.
Solving the problem using GAMS software’s solver takes a considerable
amount of time in comparison with the decomposition methods which is
103.22 s. Another difference is that the solution gap when the DICOPT
solver is employed is also 0.1. All in all, based on the conducted analysis,
the developed decomposition approach to solve the problem has priority
in comparison with the other methods.

5. Conclusion

To ensure a reliable and efficient supply-demand balance, various
types of storage systems can be integrated into microgrids. These sys-
tems play a crucial role in absorbing excess energy during periods of
supply surplus and releasing stored energy during times when supply
falls short of demand. In line with this, the present study undertook a
comprehensive techno-economic analysis of multiple storage system
options within multi-energy microgrids. Specifically, the analysis
encompassed lithium-ion battery storage, compressed air energy stor-
age, lead-acid storage, and hydrogen energy storage systems. To reach
this aim, a comprehensive methodology was introduced, incorporating
an optimization model to identify the optimal placement of storage
systems, determine the microgrid’s operating cost and schedule.
Furthermore, a sensitivity analysis was carried out to assess investment
and maintenance expenses associated with the storage systems. To
effectively solve the mixed-integer nonlinear problem of the integrated
model for gas and electricity subsystems, a decomposition approach
based on Outer Approximation/Equality Relaxation/Augmented Pen-
alty was developed and implemented.
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The analyses indicate valuable insights into the investment costs
associated with energy storage systems in microgrids. By conducting a
case study involving the installation of storage systems with a capacity
of 1.2 MW at three buses within the electricity subsystem, the analysis
revealed compelling results. Among the various storage systems
considered, compressed air storage systems demonstrated the lowest
total investment cost, amounting to approximately $1.35M. In contrast,
lead-acid storage systems incurred a higher investment cost, exceeding
$2.00M. Finally, hydrogen energy storage systems exhibited the highest
cost, reaching $3.77M. To account for variations in the lifespan of the
storage systems, a separate analysis was performed to compare the
annual investment costs. When considering the storage systems’ life-
span, the annual costs of investment were found to be $58.12k for
compressed air energy storage and $115.82k for hydrogen energy
storage systems. In contrast, lithium-ion and lead-acid storage systems
incurred higher annual costs of investment, amounting to $160.60k and
$226.63Kk, respectively. Aside from the mentioned issues, it was studied
that energy storage systems could be charged during hours when elec-
tricity prices were lower and discharged during hours when electricity
prices were higher, resulting in operating cost savings of approximately
7%. Besides, the capability of hydrogen energy storage systems to inject
compressed hydrogen into natural gas subsystems was taken into
consideration which assisted natural gas demand provision by charging
during off-peak hours of electricity demand and discharging to the gas
system during peak hours of natural gas demand. Despite certain limi-
tations imposed by safety considerations, the integration of power-to-
gas systems and the injection of compressed hydrogen into the natural
gas system proved to be beneficial in terms of reducing system operating
costs. Specifically, over the course of one operating day, the integration
led to a decrease in operating costs from $10.73k to $10.30k. Further-
more, the integration of lead-acid storage systems and power-to-gas
systems yielded favorable outcomes for microgrid operators, with a
maximum reduction of 15.7% in voltage deviation and a maximum
decrease of 10.07% in linepack requirements. Moreover, the develop-
ment of the decomposition method resulted in notable improvements,
including a reduced solving time and fewer iterations compared to other
solvers and decomposition methods, achieving a reduction of approxi-
mately 60%. These advancements signify the efficiency and effective-
ness of the proposed methodology in addressing complex optimization
challenges within microgrid systems.
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