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I. INTRODUCTION

A ccording to the Paris Agreement, the increase in global

average temperature should be limited to below 2 °C by 2100
[1]. One of the primary approaches to achieving this target is
reducing the use of highly polluting fossil fuels, such as coal,
and replacing them with natural gas (NG). Raw NG extracted
from wells, after liquid removal and processing, is delivered to
consumers mainly through two methods: transmission pipelines
and liquefied natural gas (LNG) transportation [2]. In pipeline
transmission systems, NG is compressed at compressor stations
and transported at high pressure to consumption centers.
However, in end-use locations such as refineries, power plants,
and urban areas, the delivered pressure is unsuitable for direct
utilization and must be reduced in pressure regulating stations
(PRSs) according to consumer requirements. In conventional
PRSs, pressure regulators are employed to adjust the NG
pressure. This pressure reduction is an isenthalpic expansion
process that results in exergy loss, which is dissipated as heat.
In contrast, a TE enables secure pressure reduction while
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simultaneously recovering the mechanical exergy of high-
pressure NG to drive an electric generator coupled to the TE
(21, [3].

As the NG pressure decreases, the Joule—-Thomson effect
inevitably leads to a reduction in NG temperature. The
temperature drop achieved by a TE is significantly greater than
that obtained using a conventional pressure regulator [4], which
represents an additional advantage of this equipment. The cold
NG exhaust from the TE can be routed through a heat exchanger
to recover cooling energy [5]. Consequently, the simultaneous
recovery of electrical and cooling energy using a TE becomes
feasible.

Based on these characteristics, the TE can be considered a
suitable alternative for application in microgrids. In recent
years, microgrids have attracted increasing attention due to the
growing integration of distributed energy resources (DERs) and
the need to enhance power quality and energy security,
particularly for critical loads. A microgrid is generally defined
as a low-voltage distribution network comprising aggregated
loads, DERs, and energy storage systems (ESSs), capable of
operating in both grid-connected and islanded modes. Various
types of energy resources, including dispatchable and non-
dispatchable units, can be incorporated into microgrids.
Commonly adopted resources include diesel generators, ICEs,
microturbines, fuel cells, wind turbines, biomass-based
systems, PV systems, and combined heat and power (CHP)
units [6]- [11].

A TE is a centrifugal or axial-flow turbine in which hig
pressure NG expands and releases energy. In practice, TES
been employed in air separation processes since the secg

cooling energy recovered from TEs has & 18
compared to electrical energy recovery ki
predominantly used for cooling energ
application for electrical energy ge

ng approaches,
ods for supplying
a network perspective,
most of these studi a distributed generation

(DG) unit and fgcu

ork enables the exploitation of its

full er, such integration can enhance
economic \gttratjveness and encourage investment in this
te r, to the best of the authors’ knowledge, the
applicion of) TEs in microgrids with the simultaneous

cooling and electrical energy has not yet been
investigated.

The selection of the type and capacity of energy generation
and storage systems in a TE-based microgrid, similar to
conventional microgrids, is of critical importance when
considering technical, economic, and environmental factors.
However, owing to the unique characteristics of TE-based
microgrids discussed in the previous sections, the optimal
sizing of energy and storage systems becomes more complex

and requires further investigation. Numerous studies have
addressed the optimal sizing of microgrid energy resources to
satisfy load demands while minimizing annual cost.

In [6], the optimal design of a stand-alone microgrid was
presented using a novel multi-objective optimization
framework based on the PSO algorithm, to minimize reliability
and cost indices. An enhanced multi-objective optimization
method for the optimal sizing of all microgrid components was
proposed in [8]. In [9], the design of a distributed energy system
under uncertainty in a neighborhood envj
investigated. Li et al. [10] developed an optimi@gti
a combined cooling, heating, and powe
incorporating energetic analysis, eco
environmental impacts.

More recently, a novel
configuration based on a TE
optimal capacity sizing and €

4], in which
analysis were also
g/ formation, NG is
. Consequently, only
the TE can be utilized,
y from the cold NG exhaust

preheated prior to ente
the recovered elecipf

ew configuration of a microgrid
configuration, due to the unique
e expansion turbine, electrical energy and
n be simultaneously recovered by the
and used in the microgrid.

studies mainly focused on conventional

based Qg

as preheating was required before expansion. In contrast, the
roposed study introduces a novel TE-based microgrid capable
of simultaneously recovering electrical and cooling energy
from natural gas pressure reduction stations. Furthermore, a
comprehensive mathematical model of the TE, a dedicated
optimal sizing framework considering the unique operational
characteristics of the TE, and a complete techno-economic
assessment including NPV, IRR, and payback period analyses
are presented. Therefore, the proposed work extends the
existing literature by providing a more comprehensive and
economically viable TE-based microgrid configuration.

Table | summarizes the main differences between the
proposed study and the most relevant literature.

In this study, the optimal sizing of energy generation and
storage systems in a TE-based microgrid is conducted to satisfy
cooling, heating, and electricity demands. The objective
function is defined as the minimization of the annualized initial
capital investment and operation and maintenance (O&M)
costs. To this end, an optimal sizing framework is developed
that explicitly incorporates the TE. For the economic evaluation
of the proposed microgrid, several assessment criteria,
including net present value (NPV), internal rate of return (IRR),
and payback period (PP), are employed. The performance of the
proposed TE-based microgrid is subsequently compared with
that of a conventional microgrid without a TE.

The main contributions of this work are summarized as
follows:
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1) A novel configuration for grid-connected microgrids

based on a TE is proposed for application in pressure
in which the recoverable
electrical and cooling energy from the TE is utilized to
supply all or part of the energy demand of the PRSs.
Additionally, depending on operational conditions, any

regulating stations (PRSS),

excess energy can be exported to the utility grid.

2) Owing to the distinctive characteristics of the TE,
including the independence of NG flow rate through the
TE from the microgrid energy demand, the non-
dispatchable nature of the recoverable electrical and
cooling energy, and the simultaneous generation of both
cooling and electrical energy, an innovative procedure for
the optimal sizing of energy generation and storage
systems in a TE-based microgrid is proposed. This
procedure incorporates an enhanced multi-objective
optimization framework for optimal sizi combined
with a comprehensive cash flow analysi€. Fugthermore,

evaluated using relevant financial i
3) A detailed model of TE with a ma
to calculate the recoverable

The remainder of thjg

nt, system modeling, and
e gptimization algorithm. Section V
Fwith and without TE in the proposed
cussion of obtained results presents in
Il is devoted to a conclusion.

ooling and electrical
Restructure of the proposed

THE QOOLING AND ELECTRICAL ENERGY RECOVERY
SYSTEM IN PRSs

n conventional pressure regulating stations (PRSs), the
mech&nical exergy of high-pressure natural gas (NG) is entirely
asted as heat. A portion of this work potential can, however,
e recovered using a TE. When the NG pressure is reduced by
either a pressure regulator or a TE, its temperature decreases.
The temperature drop achieved by a TE is significantly greater
than that of a conventional pressure regulator.

Water content in the NG stream is a critical factor in
transmission systems. If the temperature drop exceeds
allowable limits, water molecules may react with hydrocarbons
to form hydrates [5]. Hydrate formation poses serious
operational risks, including pipe and pressure regulator
blockages and turbine blade corrosion [2]-[5]. The
configuration of a traditional PRS is shown in Fig. 1(a) [5].
High-pressure NG at ambient temperature enters the PRS, after
which it is heated by an AB in a process referred to as NG
preheating. Finally, the NG exits the PRS and enters the local
distribution network.

The modified configuration with the installation of a TE is
illustrated in Fig. 1(b) [5]. In this system, the preheating process
is replaced by a water removal process. High-pressure NG at
ambient temperature enters the PRS, and its water content is
reduced to an appropriate level. Consequently, the temperature
drop during pressure reduction by the TE does not lead to
hydrate formation. The dry NG pressure is reduced below
ambient temperature, and before leaving the PRS, its
temperature is adjusted to a suitable level for distribution
network use. The cold NG exhaust from the TE passes through
a heat exchanger to recover cooling energy. This cooling energy
can be transferred to a secondary fluid or directly utilized in
applications such as space cooling, ethylene plants, refineries,
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and air separation processes. In this configuration, simultaneous
generation of electricity and cooling energy using the TE is

Low Pressure Natural Gas

Additional Heat

possible. To maintain system reliability, the TE is installed in
parallel with the existing pressure regulator.

— High Pressure Natural Gas

Auxiliary Boiler [~7777777% | 4
Preheated Natural Gas
Natural Gas Inlet
T
Natural Gas Oulet
Heat Exchanger Pressure Regulator
R (a) — .
regulator I Ambient Air
Water | l
»| Removal }— | |
Natural Gas Injet L_Process | |4 cold Outlet Natural Gas |
L Gear Box |
Electrical
Turbo-expander Generator *
Low Pressure Natural Gas Below Ambient Heat Exchanger
=——— —— High Pressure Natural Gas For Cooling Energy Recovery [
— — — Ambient Air .
— - - — - Cold Air Natural Gas Local I Cold Air

y
Fig. 1. (a): Conventional : revised Bystem of PRS

OPOSED TE-BASED MICROGRID

e proposed grid-connected TE-
trated in Fig. 2. This microgrid can be
pressure regulating station (PRS), where the
and cooling energy from the TE meets a
icrogrid’s energy demand. The aim is to satisfy
ting, and electricity energy demand of multi-
office buildings, placed in the mentioned industrial plant. The
heating, cooling, and electrical load profiles of multi-office
buildings of an industrial plant over a period of 20 years are
assumed to be constant. In case of energy consumption growth
in the coming years, excess energy will be provided by the grid.
In addition, it is possible to add the load variation to system
modeling. The primary energy source is an internal combustion
engine (ICE) operating as a CHP system to generate electricity,
heating, and cooling from natural gas. The heat demand is

Distribution Network

(b)

divided into two main categories: hot water and space heating,
with the heat storage tank (HST) serving exclusively for hot
water storage. An AB is available to supply additional heat if
the combined output from the CHP system and HST is
insufficient.

For cooling, an AC and an EC are used as backup when
the recoverable cooling energy from the TE cannot fully meet
the demand. The AC utilizes recoverable heat from the CHP
system or additional heat produced by the AB. The microgrid is
connected to the utility grid, allowing it to purchase electricity
when local generation is insufficient or export surplus
electricity. PV panels are considered non-dispatchable energy
resources in the system. A BB is incorporated to supply critical
loads during any interruption in microgrid or utility operation,
and, depending on the state of charge (SOC), it can also supply
normal loads.
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Fig.2. Structure of the proposed grid -connected TE-based microgrid

IV. MATHEMATICAL FORMULATION

In this section, an innovative model is presentedifor the
ased

optimal sizing of energy resources of the proposgehT

microgrid.

A. Modeling of energy systems

1.TE
The simplified topolo
electrical energy recovery by TE i

and T, are the inlet pressure, outlet
ure, and outlet temperature of NG

Prge = m(hy — hy).Mee (2
where h; and h, (Fig. 1b) are the enthalpies of points 1 and 2,
respectively, m is the mass flow rate of NG and n is the
isentropic efficiency of TE.
The cooling power recovered can be computed using the
NG enthalpy difference between the PRS exit point (h,,) and
the outlet of TE (hy) as follows [5]:

PTE,C = m(hep - hz)- Nhe (3)

| NETWORK OF NATURAL GAS

“\Y
here j€ the heat exchanger efficiency.

2. system

In the current paper, an ICE as a CHP system is
onsidered. The electrical efficiency (1, ;cg) and heat recovered
from ICE (Py;cr) depends on its nominal electrical power

(Pe 1ce), which is calculated as follows [16]:
0.084

Nece = 0.232. (Pe,ICE) (4)
091
Ph,ICE = 2.5. (Pe,ICE) O]
3. Photovoltaic
The output power of a PV is described using [17]:
Ppy (t) = Npy.npy. Apy. Ga(t) (6)

where Npy, is the number of panels, npy is the efficiency
of PV panels, 4p, is the area of a single panel (m?) and G, is
the global solar radiation (w/m?).

4. Battery bank

In this paper, a lead-acid battery is considered the
electrical storage system. Due to the limitations of the charging
and discharging rate of BB, the following constraints should be
satisfied in each time interval [11], [18]:

SOC(t) = SOC(t — At) + At (ncpbc(t) _ Pbr;z;n) -
SOCpin(t) < SOC(t) < SOCpmar(t) ®)
where SOC(t), SOC(t — At), SOC,in(t), SOCmax (),

At, ¢, Mgy Ppe, Pyg are SOC attime tand t — At, min/max SOC

for BB, simulation time interval, BB charging/discharging
efficiency, and BB charging/ discharging power, respectively.
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5. Heat storage tank
HST for space heating is considered to minimize the use of
AB, which is a water-based system.

6. Auxiliary boiler

In the proposed microgrid, an AB might be brought into
service if the balance of heating demand is not completely
satisfied by the CHP system and HST. It is assumed that AB
has an efficiency of 90%.

7. Absorption chiller

The single-stage lithium bromide ACs offer cost-efficient
chilled-water cooling using waste heat [19]. In the proposed
microgrid, the cooling load that is not served by cooling energy
recoverable by TE is served by AC. The coefficient of
performance (COP) of AC is assumed to be 0.7. The electricity
consumption of AC is assumed to be 10% of the equivalent EC
[20].

== January =#—February =¥ March

== May == June

September == October

8. Electric chiller

In addition to TE and AC, an EC is considered to meet the
cooling load during peak load hours. The value of three is
assumed for the COP of an EC [21].

B. Input profiles

The hourly variations of the NG flow rate in the PRS, as
well as the cooling, heating, and electricity load profiles for the
case study over one year, are presented in Figs. 3(a)-3(d),
respectively. All days of each month a onsidered
representative, and the load profiles are asgfjned Yo remain
constant over a 20-year period. Any shg uf” clectrical
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Fig. 3. Input profiles (a): NG flow rate vag

The flowchart of the pr@posed
algorithm for the o algsizi

Time [(Hours)

0): Hwﬁfile, (c): Electrical load profile, (d): Cooling load profile

Specifically, the TE size is set based on the NG flow rate
passing through it, which is proportional to the required NG in
the distribution network rather than the microgrid energy
demand.

These results are then applied to the optimal sizing problem
to determine the type and size of other energy and storage
systems, excluding the TE. The objective function of this

?put:ﬂﬁle cusesli)n S:(L:jc()jr?(’)mit?ZSprchigl-i%téjli%tilxs optimization is to mi_nim_ize both thg annualized initial_ capital
the .mint of initial capital and oper’ation and and O&M costs, Whl(_:h is splve(_j using the PSO algorithm. A
m ) costs, as well as environmental full-year operation S|mulat|on_ is cc_)nducted to evaluate the

. . - . . performance of the proposed microgrid under expected demand
consid@gations,) such as emissions, subject to operational

The proposed algorithm consists of three main stages: TE
sizing, optimal sizing of energy and storage systems using the
PSO algorithm, and economic analysis. The initialization stage
involves calculating the recoverable electrical and cooling
energy from the TE based on hourly input data. Since the
primary function of the TE is pressure reduction, its nominal
size is determined according to the computed electric power.

profiles. Finally, an economic analysis is performed at the
optimal solution. If the economic indicators are unsatisfactory,
fine-tuning the weighting and penalty factors in the objective
function can yield improved results (Fig. 4). The design
variables considered include the PV surface area and the
nominal sizes of the ICE, AB, AC, EC, BB, and HST. The
following sections provide detailed descriptions of the proposed
optimal sizing algorithm. The Important parameters of the PSO
algorithm have been determined based on trial and error.
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Fig.4. The flowchart of the multi-objective algorithm for optimal sizing of energy and storage systems in a TE-based microgrid.
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1. Objective function

In the current paper, the objective function of the optimal
sizing problem is to minimize the present value of all costs,
which should be developed according to the role of TE as
follows:

C = wWy. Ciny + Wa. Xow2y X721 Com + th1- Eey + 1o Ensn +
Us- Eh,su + Ha. Ec,sh (9)

The first term in (9) is the total initial capital cost (C;,,,) and
it includes the installation cost, considering technologies as
follows:

Ciny = Xi=1 CRF;. C; (10)

where CRF; and C; are the capital recovery factor and initial
capital cost for component i, respectively.

The capital recovery factors are calculated as follows:
ix(1+ip)R
(1+i)R-1

CRF(i,,R) = (11)

where R is the lifetime of each technology and i.. is the real
interest rate, which is a function of the nominal interest rate
(i) and annual inflation rate (i) as follows [22]:
. in—i
= (12)
Com 1N (9) is O&M costs, which includes fuel gas cost
(Crg), emission cost (Cgy,), the maintenance cost (C,,) and th
cost of the purchased electricity from the utility (C,,,
follows:

Com = Cpg + Cgy + Cy + Cepy
Fuel gas cost consists of fuel gas for the |
AB (Crg 45) as follows:

Crg = CFG,ICE + CFG,AB = t=
(Pap (t)/UAB)) X ang

In which, P,g(t), 45 andsg T power of AB,

icc of NG ($/kWh),

respectively.

In this study,
purchased electgci

follows:

1cINE Cemoag + Cemp = Y8760 (((Pe,ICE ®/

EMNGs Bemau Pen(t) and agpyn are the NG
emission factor, utility electricity emission factor, electrical
power taken from the utility, and the cost of CO, emission
($/Ton), respectively.

The maintenance cost is as follows:

Cu = Xiz1 Cim

where C; , is the maintenance cost of component i.

(16)

Finally, the total cost for power purchased from the utility
for a year can be calculated as follows:

Ce,u = Z?Z?O Pe,u (®). Aoy

where, a,,, is the price of utility electricity.

Ensn, Ecsn and Ej g, are annual heat energy shortage,
annual cooling energy shortage, and annual heat energy surplus,
respectively. In addition, u,, u; and u, are penalty factors for
shortage heating, surplus heating, and shortage cooling
demands ($/kWh), respectively. The last term |
penalty cost, which is added to the objectiv
the electricity demand of the microgrid b

(17

iQp to meet
id energy

resources as far as possible, which p, igfthe p r and
E,, is the annual electrical energy tgken from the" utility.
Furthermore, wy, w, in (9) are cQ factors for

initial capital and O&M costs, rgs

2. Economic Load Dispat

formed for every hour of
yjon being the minimization of

(18)

(19)

where Apy yy and Apy yax are the minimum and maximum
llowable areas for PV installation, respectively.
The cooling, heating, and electrical energy should be
balanced on each hour as follows:

Apv v < Apv i < Apv max

Epe+ Egpac + Epgc = Epy + Erge + Eicge + Epp + Ey, (20)
(21)
(22)

Epsu + Epuw + Epac = Eicgn + Eap + Ensr
Epc =Esc + Ergc + Egc

where Epy, Erg, and Ejcg. are the electrical energy
produced by PV, TE, and ICE, respectively. Egzg is the BB
charging/ discharging energy and E,, is the electrical energy
from/to the utility. On the left side, E}, ., Ep 4c and Ep g¢ are the
electricity demands of the microgrid, AC and EC, respectively.
In (21), on the left side, is shown the demand for heat energy
(for space heating (Ep sy ), hot water (Ep ) and AC (Ep 4c)).
On the right side, heat recovered from ICE (E;¢g ), heat energy
production by AB (E,) and heat energy from/to HST (Eygr)
are shown. Finally, (22) shows the energy balance for the
cooling energy that E, . is the demand for cooling energy,
including space cooling and refrigeration facilities. On the right
side, E,. and Eg. are cooling energy production from AC and
EC, respectively, and Erg . is recoverable cooling energy by
TE.

The cooling, heating, and electrical energy generated by
each energy resource must be in the allowable range as follows:

PGemin,i < PGe,i < PGemax,i (23)
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PGhmin,i < PGh,i < PGhmax,i (24)

PGcmin,i < PGC,i < PGcmax,i (25)

D. Equations for economic analysis

Several criteria, including NPV, IRR, and PP, are used in
discounted cash flow to estimate project performance.

NPV is used to determine the present value of an investment
by the sum of the discounted annual cash flows, which can be
calculated as follows [11], [22]:

Rn

NPV = _CinVO + Z%gl (1+T)T

(26)

where r is the discount rate, C;,, is the initial capital
cost (without considering the capital recovery factor), T is the
project lifetime, and R,, is the annual cash flow (annual revenue
minus annual cost).

V. SIMULATION RESULTS

This section presents the results of the optimal sizing of
energy generation and storage systems in the proposed
microgrid, both with and without a TE. The inlet pressure and
temperature of NG entering the PRS are assumed to be 570 psi
and 20 °C, respectively, across the range of flow rates. The
outlet NG pressure at the TE is set to 250 psi. Table Il
summarizes the input data used for the simulations.

In both cases, the objective function is to minimize t
annualized initial capital and O&M costs, as expressed i
The maintenance costs for the TE, ICE, AB, AC, and
assumed to be 0.01, 0.009, 0.00324, 0.02, and 0.028/kWh,

costs, respectively. Additionally, it is a
initial capital cost of the PV sy
government.

Item Value
Capital cost of TE $IkW 1500
Capital cost of ICE $/ kw 1000
Capital cost of P $/ kW 4500
$/ kW 125
$/ kw 120
$/Ah 1
$/ kW 400
$/ kw 300
$/ kWh 0.11
$/ kWh 0.12
$/ kWh 0.05
Cooling sold on-site $/ kWh 0.09
Lifetime of TE, ICE, AB, HTS, AC,and EC | Year 20
Lifetime of PV Year 25
Lifetime of BB Year 5
Price of natural gas $/ kWh 0.02
Utility electricity emission factor kg CO2/ kWh, | 0.55
NG emission factor kg CO2/ kWh, | 0.184
Cost of co2 emission $/Ton 33

As discussed in previous sections, the nominal sizes of
all energy and storage systems, except for the TE, are
determined using the PSO algorithm. Following the first step in
Fig. 4, the nominal size of the TE and the corresponding
recoverable electrical and cooling energy are calculated. These
values are then used as inputs for the optimization program. The
exhaust NG temperature from the PRS is assumed to be 10 °C.
Monthly average cooling and electrical energy recovered by the
TE are presented in Table I1l. The annual average recovered
cooling and electrical energy are 44.7 kW
respectively, with a peak electrical power of,
in October.

Furthermore, based on the

S can operate
between 50% and 140% capacity [24], the

nominal size of the TE i

Cooling Energy Recovery by TE.
ecovered electrical Recovered cooling
gy by TE (kW) energy by TE (kW)
32.9 29.3
47.3 42
45.3 40.4
44 39
52.45 44.3
62 55
76 68
47.3 42
47.3 42
60 53.3
February 47.3 42
March 2360 45 40

Table IV presents the optimal sizes of the energy
generation and storage systems for both cases, as determined by
the PSO algorithm. In Case 1, the rated power of the ICE is
91 kW, whereas in Case 2 it increases to 149.5kW, as 72% of
the electricity in Case 1 is supplied by the TE. Despite 50% of
the initial capital cost of PV being subsidized by the
government, the PV surface area is zero in both cases. The rated
power of the BB increases from 3 kW in Case 1 to 186 kW in
Case 2, with the lower bound set at approximately 3 kW to
supply critical loads during power interruptions.

Both cases include the AB and HST, with their nominal
sizes in Case 2 increased relative to Case 1. For cooling, Case
1 utilizes the TE and an AC, whereas Case 2 includes an AC
and an EC. On hot days, the AC is the most economical option
for providing cooling from the recovered waste heat of the ICE.
However, relying on a single energy resource may not be
sufficient to meet cooling demands. Therefore, in Case 2, the
lower limit of the EC is set to 50kW in the optimization
program, representing the minimum required cooling capacity
for emergency loads.
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TABLE IV
Sizes of the Energy and Storage Systems for both Cases.

Case No. 1 2

TE (kW) 90 X

ICE (kW) 91 149.5

PV (m2) 0 0

BB (kW) 3 186

AB (kW) 368 392.5

HST (kW) 50 100

AC (kW) 152 180

EC (kW) X 50

The annual fractions of cooling, heating, and electricity
demands supplied by the various energy and storage systems
for both cases are summarized in Table V. In Case 1, the TE
directly satisfies 71.4% of the electrical demand and 51% of the
cooling demand, with the remaining electrical load supplied by
the ICE and the utility. The utility’s contribution is minimal due
to the penalty factor w: included in the objective function.
Additionally, the BB does not participate in meeting normal
loads in Case 1, whereas it supplies 7% of the electrical energy
in Case 2.

The heat demand, including that required for the AC, is met
by the recovered waste heat from the ICE, the AB, and the heat
storage tank (HST) in both cases. In Case 1, the ICE provides
up to 17% of the annual heat demand, while in Case 2, this
fraction increases to 28%. This increase is primarily because
Case 2 does not include a TE, requiring a larger ICE capaci
to meet the electrical demand. Moreover, in the absence of ifle
TE, additional heat is required for the AC to produce
energy. Consequently, the AC’s contribution to cooling @emand

Fig. 5 illustrates the monthly energy production of the
systems in Case 1. As shown in Fig. 5(a), the TE operates
throughout the year, with the recovered electrical energy
peaking in October. Electricity is exported to the utility in all
months, while during peak periods, including March, April, and
July, electricity is imported from the utility. The ICE operates
continuously, and its recovered waste heat is used to supply
heating loads and the AC. Fig. 5(b) shows that the AB, as a
backup heat source, operates year-round, reaching its maximum
output in January, the coldest month. Fig. 5(c) indi®ates that the

Fig. 6. In this case, the absence of a TE
of electrical demand to be met by the I¢
demand supplied by the BB and
exported to the utility; during
needed. In both cases, the HST p
the heat demand. Fig. 6(g
majority of the cooliy

Frypical day in July. In Case 1,

significantly during jiag
Figs. 7and 8 p ‘%
crag
pusly throughout the day, with its
around midday. The ICE operates

of the proposed mi
D0 p.m., directly supplying both heating and

rises from 49% in Case 1 to 99% in Case 2, whegeas\the EC
plays a marginal role, supplying only 1% of the g6oli
TABLE V
Annual Fractions of Cooling, He Demands Satisfied by Various Energy and Storage Systems (a): Case 1,
(b): Case 2.
gl electrical energy ~ Annual heat energy ~ Annual cooling energy
71.4% X 51%
28.3% 17% X
X X X
0.3% X X
Bagtery bank 0 X X
AB X 2% X
HTS X 11% X
AC X X 49%
EC X X X
(a)
Energy system | Annual electrical energy  Annual heat energy Annual cooling energy
TE X X X
ICE 92% 28% X
PV 0 X X
Grid 1% X X
Battery bank 7% X X
AB X 52% X
HTS X 20% X
AC X X 99%
EC X X 1%

(b)
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Fig. 5. Monthly productions of energy and storage systems for case 1 (a): electrical energy, (b): heat energy, (c): cooling energy.
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Fig. 6. Monthly productions of energy and storage systems for case 2 (a): electrical energy, (b): heat energy, (c): cooling energy.
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Fig. 7. Hourly energy production of energy and storage systems for a typical day in June in case 1(a): electrical energy, (b): heat energy, (c): cooling energy.

In Case 2, the ICE operates continuously throughout the
day, with its output power peaking between 11:00a.m. and
3:00 p.m. The BB discharges during the peak period from
11:00 a.m. to 4:00 p.m. and charges during off-peak hours.
Electricity is imported from the utility between 11:00 a.m. and
4:00 p.m. based on load demand, while no electricity is

exported to the utility at any time. The AB operates
intermittently according to the heat demand profile. Due to the
absence of a TE and the non-economical use of the EC, the
majority of the required cooling energy is supplied by the AC.
The EC is only activated during peak hours, from 10:00 a.m. to
3:00 p.m., in accordance with the cooling load profile.
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Fig. 8. Hourly energy production of energy and storage systems for a typical day in June in case 2(a): electrical energy, (b): heat energy, (c): cooling energy.

A. Economical assessment

The economic assessment of the proposed microgrids at
their optimal configurations (Table 1V) is presented in Fig. 9.

AN

12345678 9111121314151617181920 21222324

Time (Hours)

(©)

Energy sale and purchase tariffs are assumed to remain constant

throughout the project lifetime. The initial capital cost in Case
1 is approximately 8% higher than in Case 2, primarily due to
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the high capital cost of the TE. As shown in Section V, in Case
1, the TE supplies approximately 71% of the electrical demand
and 51% of the cooling demand. Since the energy recovered by
the TE does not require primary energy input, Case 1 achieves
annual reductions of up to 35.2% in emissions and 35.6% in
fuel costs compared with Case 2 (without TE).

Furthermore, the maintenance cost in Case 2 is about 28.2%
higher than in Case 1, as the TE simultaneously recovers both
cooling and electrical energy, resulting in a 34% reduction in

a total annual profit that is 48.6% higher than in Case 2. Cash
flow analyses, including NPV, IRR, and PP, were conducted for
both cases with a discount rate of 7%. Despite similar initial
capital costs, the NPV and IRR in Case 1 are 72% and 38%
higher, respectively, compared to Case 2. The payback periods
are 2.8 and 4 years for Cases 1 and 2, respectively. The reduced
O&M costs in Case 1 due to the TE contribute to the increased
annual profit, demonstrating that the TE-based microgrid is
economically more advantageous than the conventional

O&M costs for Case 1. The annual revenue in Case 1 is slightly  microgrid.
higher due to increased electricity sales to the utility, leading to )
1000000 »
500000
800000
700000
— 600000
=
w
= 500000
i)
-]
© 400000
300000
200000
100000
) ol 1l
insli?lt:tlion Fuel gas Maintenance Emission Total OM Total NPV
cost cost cost cost cost revenues
mCase 1| 339050 37415 17669 11043 66329 185967 928354
ECase 2| 313062 57750 24782 17152 100706 181183 539496
Fig. 9. Economic analysis based on the PSO algogitam at op@ipal resulfs.

VI. DISCUSSION

TE-based microgrids are s
1. In PRSs, traditional
ike confientional microgrids, TE-
based microgrids are spS@ifi suitable for installation

storage systems, presented in the
enables the evaluation of both
nd environmental benefits of TE-based
pared to traditional microgrids without

to the proposed PRS topology with TE
installation (Fig. 1b), the exergy recovery of pressurized
NG by TE requires no primary energy input. Hence, TES
can be classified as clean energy resources, similar to PV
and wind turbines.

4. The cost of electricity production in the TE-based and
traditional microgrids are 0.031 $/kWh and 0.084 $/kWh,
respectively. This reduction is due to TEs recovering
exergy without consuming primary energy. In the case
study, approximately 71% of the electrical demand is

supplied by the TE, significantly reducing the operating
costs of the TE-based microgrid, as illustrated in Fig. 9.

5. As previously explained, approximately 71% of the
electrical demand is supplied by the TE. Also, the
combination of ICE and absorption chiller is used as a
CCHP system to meet the electrical, cooling, and heating
needs of the microgrid. Given these explanations and the
high investment cost of the PV array, it is not selected in
the simulation outputs in either case.

6. Although the initial capital cost of TEs is higher than that
of other energy resources, such as ICEs, this study
demonstrates that the overall economic performance of
TE-based microgrids is superior due to reduced operating
costs.

7. The utilization of the cooling energy from the cold exhaust
NG of TEs further enhances the economic benefits of TE-
based microgrids. In effect, TEs partially replace
absorption and electric chillers, which have higher
operating costs. Therefore, similar to electrical energy
recovery, the lower operating costs of TEs offset their
higher initial capital costs.

8. Globally, numerous city gas stations and town board
stations offer potential sites for TE installation. This study
demonstrates that incorporating TEs in microgrids
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