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The increasing demand for low carbon, efficient energy systems in integrated energy
applications is addressed in this paper. The potential of combined cooling, heating, and
power (CCHP) systems to lower emissions and increase overall energy efficiency has
drawn more attention. The optimal operation of the CCHP smart system is developed and
proposed in this paper, where the optimization approach is formulated as multi objective
mixed integer nonlinear program (MOMINLP). A solar air heater (SAH) is designed and
implemented, and then it is experimentally tested. Different designs of the SAH are
considered and integrated with the proposed CCHP system to investigate its effect on the
optimal operation of the CCHP system. GAMS software is used to create the model, which
is then solved to reduce overall operating costs while taking environmental and
technological limitations into account. The unit commitment (UC) strategy is developed to
react to both the electric and heat systems. Besides, practical limitations are included to
bring the problem closer to the actual situation. Many current projects do not fully utilize
the combination of solar heating and the best operating techniques to reduce expenses and
emissions at the same time. In addition, renewable energy (RE) sources in both electric and
heat grids are utilized as well. The results demonstrate that the proposed system
significantly reduces carbon emissions and operational expenses in comparison to
traditional arrangements under various operating conditions, where using SAH in this way
resulted in a 27.8% reduction in the overall cost. These findings highlight the effectiveness
of the proposed CCHP configuration in enhancing energy efficiency and sustainability.
The novelty of this work lies in demonstrating that optimized CCHP design may drastically
lower carbon emissions and operational costs when compared to traditional CCHP systems.

1. INTRODUCTION

with autonomous control that may be used in both linked to
the grid and isolated (island) modes. Distributed generation

Various environmental and ecological problems have arisen
as a result of the growing use of energy worldwide, and this is
why there is a bad effect on the environment, causing global
warming [1]. Conventional combined cooling, heating, and
power (CCHP) systems rely on natural gas as their main
energy source, making it difficult to optimize the benefits of
energy conservation and pollution reduction [2, 3]. The CCHP
system integrates several energy supply sources and permits
the progressive use of energy [4]. There is an urgent need to
optimize the energy system and create a more ecological and
ecologically friendly energy system, given the effects of
energy consumption and greenhouse gas emissions on human
society [5].

The CCHP system of linked solar, biomass, wind,
geothermal, and other renewable energy (RE) sources has been
the subject of extensive research in recent years [6]. This
requires a control technology to distribute capacities and loads
between these systems. Building a microgrid within the main
network that places energy sources near the end user to meet
their demands is one of the creative solutions to this challenge
[7-12]. Micro grid MG is a low-voltage distribution network
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(DG), micro turbines (MT), and RE are just a few of MG's
numerous power sources. Energy storage technologies are also
in place to maximize resource utilization and guarantee that
the real need for response is met [13]. The integration of RE
sources with the grid is problematic because of their stochastic
nature and the unpredictability of demand. In addition, the
peak periods for the generation of energy from renewable
sources occur during periods of low loads, which compromises
the grid's stability [14]. In addition to the electrical system,
MG may contain a heat system known Combined heat and
Power micro grid CHP-MG to response to the demand for heat
by heat sources, and utilizing of solar energy for heating
applications away from electricity generation by using solar
air heaters (SAHs) or solar collector, many optimization
techniques, including unit commitment (UC), heuristic
algorithms, genetic algorithms (GA), particle swarm
optimization (PSO), and others, were employed to lower costs
and emissions while enhancing the dependability and stability
of electricity networks [15], as well as recycling the waste heat
that is emitted during the energy generation process for use in
heating systems and other uses [16-22].
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For example, Ma et al. [23] suggested an interval scheduling
technique for CCHP systems with connected solar energy in
order to maximize system performance in their study of these
systems. In order to compare the CCHP system and the annual
total cost-saving rate (ATCSR) under an electrical tracking
approach, Jia et al. [24] created a unique CCHP system that
combines an organic Rankine cycle with a solar thermal (ST).
In addition to the application of CCHP, Soheyli et al. [25]
suggested a CCHP system using solid oxide fuel cells (FCs),
wind turbines, and photovoltaic (PV) cells as prime movers.
They used a multi-objective PSO technique to find the ideal
quantity of each system component. In the same construction
system in previous literature [26], a hybrid CCHP system for
three buildings under various operation methods was
optimized and compared. In system B, a photovoltaic thermal
solar collector (PVT) transforms solar energy into thermal and
electrical energy, while in system A, ST and PV turn solar
energy into heat and electricity, respectively. Ge et al. [27]
developed three scenarios with various designs and examined
their optimal configurations for a solar-assisted natural gas-
distributed energy system with energy storage. The findings
indicate that the ATCs of the solar-powered DES (scenario 2)
and the solar-assisted natural gas DES with energy storage
(scenario 3) are reduced by 2.90% and 7.48%, respectively, as
compared to the traditional DES (scenario 1).

However, Stanek et al. [28] suggested a CCHP system with
a solar power plant and a methane combustion engine. In order
to reduce the operating costs of an energy system that consists
of CCHP, PV, and storage systems to create a more sustainable
energy conversion system, Ruan et al. [29] introduced a unique
operational strategy optimization model based on deep
reinforcement learning. The TD3 method's performance is on
par with the theoretical benchmark, with an average
inaccuracy of about 5%.

Song et al. [30] combined geothermal and solar energy, two
forms of RE, with the power system to make it possible to
generate power using RE. According to the findings, the linked
power station's thermal efficiency is 11.21% higher than that
of the solo air-cooled geothermal ORC power station.

Our work, a microgrid's energy management approach, was
suggested, primarily integrating CCHP-MG with renewable
sources in order to satisfy electrical, thermal, and cooling
demands. A power MG, micro-Electric system, micro-heat
system, and micro-cool system make up the CCHP. MT, FC,
gas boiler (GB), electric heater (EH), electric chiller (EC),
absorption chiller (AC), and P2G technology are the means by
which these systems connect with one another, in addition to
renewable sources such as wind turbine (WT), solar air heater
(SAH), and Photovoltaic (PV). This was put into practice to
ascertain which design offers the system's lowest operating
costs. The system was also linked to the utility grid, allowing
for constant interchange. GAMS software was used to
integrate the exchange power in MG with a methodology of
Mixed-Integer Non-Linear Programming MINLP during 24
hours. The novelty of this work lies in the development of an
optimization that reduces operational expenses and carbon
emissions while taking into account specific technological and
environmental restrictions, which makes this study distinctive.
may greatly increase energy efficiency and accomplish
considerable cost and emission savings.

Therefore, this study builds an optimization-based CCHP
model integrated with solar heating to effectively address the
economic and environmental limitations of traditional CCHP
systems.
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2. MODELING OF SYSTEM’S COMPONENTS

Figure 1 depicts the CCHP's suggested structure. A power
MG, micro-gas system, micro-heat system, and micro-cool
system make up the CCHP. The CCHP uses MT, FC, GB, EH,
EC, AC, and P2G technology to facilitate communication
between these systems. Natural gas powers the CHP-based
MT, which concurrently produces power and heat. The FC
converts the natural gas to power, the GB turns it into heat, and
the EH uses the energy to produce heat. Additionally, AC turns
heat into cool, whereas EC turns electricity into cooling the
P2G system. The MG provides the power after CO: is
extracted from CHP and combined with H2 to create synthetic
natural gas (SNG). By lowering CO; emissions into the
atmosphere, this procedure lessens environmental harm [1, 31-
33].

Wind turbine

k 1 4
W =

load

Natural gas

Heat storage
tank

Solar air collecter

Gas boiler

Figure 1. Schematic diagram of combined cooling, heating,
and power (CCHP) microgrid

2.1 Heat recovery model

Heat recovery (HR), also known as CHP, is utilized in this
study to recover lost heat when electrical power is produced
from a microturbine. HR or microturbine heat: H;r in KW
may be written as follows:

HE o = Py (1 = Ny — 1)Nr

MT —

M

Nmr

where, 7; is the heat loss factor, 1,5 is the efficiency of HR.
2.2 Diesel generator model

Diesel generator (DQ) is an internal combustion diesel fuel
generator used in this study to generate power during peak
hours. The fuel consumption may be represented by the
following linear equation: Ph; is the output electrical power



from FC at each time in (KWh), np¢ is the efficiency of DG,
and Cpg is the cost of fuel consumption by using DG in $ [34].

CDGt=aP[t)GZ+bPDtg+C (2)

The cost coefﬁcient of DG is represented by a, b, and ¢ in

th) (KWh) ( ) correspondingly. One may calculate the

start-up cost SUCDG and shut-down cost SDCp in $ by:
SUCpg" = Sc p(Upg — (3)

4)

UDG * UDG )

SDULtiG = Sd DG(ULti UDG * UDG )

The battery's limitation capacity can be stated as follows:

PRE™ Upg < Phop < PHE™ Upg (5)
where, PFU™, PMA% and the Upg on/off state of DG are the
lowest and greatest power that DG may produce in KW. and
Ramp up limit URp; and ramp down limit DRp; in KW
should be the ramp rate limitation for FC at each time interval.

Phe — Phgt < URpg (6)
Pig' — Phs < DRpg (7)

Based on the maintenance cost rate coefficient K, p; in

Gorn

KWh) the maintenance cost of DG Cyy, -

®)

Cotm.DG = PISG * Kompa
2.3 Microturbines model

The users receive heat and power from the MT-based CCHP
unit. The micro-turbine is used as a CHP device. It is powered
by natural gas, where using the nanoparticles with fuel lowers
greenhouse gas emissions. The following formula is used to
determine the gas usage. can be represented by the linear
formula [36]:

Pur
= 9
Cur LCV * Tapr * By 9)
where, LCV was the low heating value of natural gas ( ) Bg

is the price of natural gas (ﬁ), PYr is the output electrlcal
power from MT at each time in KWh, and Cy; is the cost of
fuel consumption by the utilized microturbine in $.

It is possible to tune, the start-up cost SUCyr and shut-down
cost SDCyy in ($) by:

SUCyr" = Sc mr(Unr — (10)

(1)

Unr * Ul\t/l_Tl)

SDCyr" = Sd yr(Ussr" — Upgr * Uir")
The maintenance cost of MT Com umr base on maintenance

cost rate coefficient K, in
om.MT ( KWh

Cgm.MT = Pztwr * Kom.mr (12)

The microturbine's constraint capacity can be stated as
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follows:
P Uy < Pyr < Pif™ Ugyr (13)
where, PJ™, P* | and the U on/off state of MT represent

the lowest and greatest power that M7 can produce in KW.
Ramp up limit URy and Ramp down limit DRy in KW
should be the ramp rate constraints for MT at each time interval.

<

Pyr — Pyr' < URyy (14)

Pit < DRyr (15)

— Plor
2.4 Fuel cell model

In this work, chemical energy held in the gas was
transformed into electrical energy using a proton membrane
FC, which was then employed as a source to generate power.
The fuel consumption may be represented using the following
linear equation: Pt is the output electrical power from FC at
each time in KWh, ng. is the efficiency of FC, and Cp is the
cost of fuel consumption by using FC in $ [35].

t
PFC

Coct = ————
Fc LCV * Ngc

* ﬁg (16)

Both the start-up cost SUCg. and shut-down cost SDCp¢ in
$ can be decided by:

SUCFCt = SCFC(UFC - UFC * UFC ) (17

SDCr¢" = Sdpc(Ukc" = Ufc * Ugg") (18)
Based on the maintenance cost rate coefficient K, ¢ in

$KWh, the maintenance cost of MT C,, rc:

(19)

t _ pt
Comrc = Prc * Komrc

The constraint capacity of a microturbine can be expressed
by:

P in Uk < Pt < PR UL, (20)

where, PF¥™, PMA% and the Ugc on/off state of FC represent
the lowest and greatest power that FC can produce in KW. and
each time interval's ramp rate restriction for FC should be
Limits of ramp up URp. and ramp down DRg. in $.

Pic — Pict < URc @n
Pic' — Pic < DRc (22)

2.5 Electric chiller model

By using cooling electricity, the EC supplies the cooling
demand. The following formula represents the EC's output
cooling power [31]:

Cec(t) = Pec(t) .COP,, (23)
When the electric power provided to EC is represented by

Pec(t) and the coefficient of performance is represented by
(COPR,,).



2.6 Absorber chiller model

By using cooling electricity, the AC supplies the cooling
load. The following formula determines the AC's output
cooling power:

Cac(t) = Hac(t) .COP,, (24)
where, COP,, is the coefficient of performance and Hac(t) is
the heat that is given to AC.

2.7 Wind turbine model

Wind turbine power output, expressed Pl,in KW, is
correlated with wind speed. In Table 1, the wind power value
was taken from the study [35].

2.8 Photo voltage panel model

Utilizing PV panels, PV in this study converts solar
radiation into electric power Pf, in KW, which is dependent
on solar radiation S in KW/m?, which was measured in
Baghdad in January as shown in Table 1. The Pf, total
electrical power product can be written as follows:

Pt, = st * Area PV * npy * no. PV (25)

2.9 Solar air heater model

A SAH was utilized in this study to transform solar energy
into usable thermal energy. Cans of aluminum were set up to
examine how they affected performance. The temperature in
various sections of the SAH was also measured using a K-type
thermocouple, which was connected to an Arduino to provide
data to a laptop. As illustrated in Figures 2 and 3. Four research
cases and dimensions of AL cans were used that were placed

into SAH [36]:
e (ase 1: A smooth absorbent plate is used to compare
the results.
e (Case 2: Longitudinal arrangement of aluminum cans.
e Case 3: Transversely arranged aluminum cans.
e Case 4: A diagonal arrangement of aluminum cans.
Case.
The rate of heat transfer for SAH Hé,, in KW can be
expressed by [37-39]:

HStAH =m’* Cp * (To - Ti) (26)
whereas, T,, T; are the average air outlet and inlet temperatures
in C°, C, is the air specific heat in KI/Kg*K, and m’ is the
mass flow rate in the SAH duct in kg/s, the value of H:,, was
measured experimentally for this work in Table 1.

2.10 Electrical heater model

The thermal loads receive heat from the EH, and the output

heat HSy, in KW is represented as follows:

HEy = Pgy * Ngn 27

The constraint capacity of EH can be defined as follows,

where gy is the efficiency of EH and Pfy is the electrical
power used to produce heat by EH:

HEE™ Uy < Hby < HES* Uby (28)
where, Ugy, is the EH's on/off state and HTE", HT* are the
lowest and highest power that EH can produce in KW, and EH
Com.px maintenance cost based on the K, zy maintenance
cost rate coefficient in ¥KWh.

(29)

t _ gt
Comen = Hgy * Komen

Table 1. Hourly loads, prices, and renewable generation

wt
Tih) L (KWR) Liyge (KWR) Ly (KWR) 5%t 2 Pl kw) st kw/m?
Gew) “*KWh
tl 192 466.88 87.3 0.01 0.162 55 0
2 177.6 481.82 61.11 0.018 0.1332 61 0
t3 132 489.29 43.65 0.02 0.1368 65 0
t4 122.4 481.82 26.19 0.018 0.1476 58 0
t5 117.6 489.29 34.92 0.025 0.1008 58 0
to 110.4 451.94 59.36 0.045 0.054 24 100
t7 162 443.22 78.57 0.1 0.0432 40 210
t8 213.6 428.28 104.8 0.28 0.0972 34 612
t9 258 382.22 96.03 0.45 0.1152 40 665
t10 220.8 343.62 78.57 0.519 0.144 46 788
tll 295.2 336.15 89.57 0.4 0.1116 30 930
t12 368.4 290.09 113.5 0.25 0.09 31 988
t13 442.8 252.74 148.4 0.48 0.054 25 873
tl4 421.2 217.88 131 0.3 0.054 25 727
t15 406.8 244.02 109.1 0.25 0.0792 36 630
tl6 368.4 282.66 97.77 0.1 0.126 30 325
t17 327.6 367.28 92.56 0.035 0.1476 46 25
t18 339.6 428.28 131 0.045 0.1152 36 0
t19 361.2 520.41 150.2 0.08 0.1008 52 0
120 420 573.95 157.14 0.12 0.0972 46 0
21 405.6 559.01 131 0.025 0.1584 52 0
122 421.2 555.27 104.8 0.015 0.1476 46 0
t23 375.6 539.09 101.3 0.012 0.108 46 0
124 370.8 520.41 91.7 0.01 0.288 52 0
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Figure 2. Aluminum cans arranged solar air heaters (SAHs)
graph: Case 2 longitudinally; Case 3 transversely; and Case 4
diagonally

Figure 3. Graph of solar air heater (SAH)

2.11 Gas boiler model

Natural gas consumption in the GB produced heat. The cost
of natural gas consumption in the GB to produce heat Cy;r in
$ can be stated as follows [40]:

t
HGB

L 30
CGB LCV * Ner * pg ( )

Based on the maintenance cost rate coefficient K, yr in
$KWh, the maintenance cost of MT Cy, yr

Comas = Hép * Koman (31)
The constraint capacity of GB it can be expressed by:
HEE" Ugp < Hp < HOE™ Ufg (32)

where, the Ugg on/off state of GB and HJ}™, H{y~ are the
lowest and highest power that FC can produce in KW.

2.12 Energy Storage System model

When energy is plentiful, affordable, or readily available,
electrical power is stored for later use using the Energy
Storage System (ESS), often known as battery storage. It helps
move energy from periods of peak production to periods of
high demand for consumption, improving grid stability and
dependability. Battery state of charge SOCE in KWh can be
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written as follows:

- Pt is
S0c; = S0C;™ — _772.31'5 + Py cn Mp.ch (33)

where, nqp, Nais are the charging and discharging battery
efficiency and Pf ., Pf 4;s are the charging and discharging
power battery in KWh. The battery's constraint capacity can
be stated as follows:

pmrin < pt < pjnax (34)

PYR Upen < Phon < PU Uben (35)
PYS% Upen < Phais < P Up ais (36)
Upais + Upen <1 37

The battery's maximum limit charge and discharge power in
KW is denoted by P/, P and the minimum limit charge
and discharge power in KW by PR P/ and the
maximum limit charge and discharge power in KW by P,
P and UL ., Uf 4. The following is anexchange ofn for
the exchanging ESS power in KWh:

Py = Ppais = Poen (38)

When the ESS is purchasing a micro grid, the P} is (+);
when the battery is charging, it is (-). Depended on battery
charge discharge principle w;, in $/KWh, the cost of ESS at
operating battery Cf in $ is:

Ct= Ptx w, (39)

2.13 Heat storage system model

When heat power is available, it is stored in heat storage
system (HSS) for later use in the event that a heat source is
unavailable. The state of charge for battery SOC}, in KWh can
be expressed by [40]:

t
SOC}is = SOC}gs_l - :hs'dis + Higs.ch Mhs.ch (40)
hs.dis
The charging and discharging power HSS in KWh is
represented by Hfg ., Hfsgis » While the charging and
discharging efficiency is represented by Npscn, Mhs.ais- 1he
HSS's constraint capacity may be stated as follows:

Hmn < gt < HAx (41)

HiS Ubsen < Hisen < HRs Uls.cn (42)
HiE s Uhs.on < Hhsais < Hhsss Ups.ais (43)
Ups.ais + Upscn <1 (44)

The minimum limit charge and discharge power of the
battery is represented by Hi"% | HM™. in KW, the maximum
limit charge and discharge power of the HSS in KW is
represented by HJ oy, ,Hi5s, and the on/off states of charge
and discharge are represented by UL .,Uk 4is- The following

is an expression for the exchange HSS power in KWh:



Hitls = Hftzs.dis - Hltls.ch (45)

In a discharge condition, when the HSS purchases power
from the microgrid, the Hj is (+); in a charging state, when
the HSS consumption is (—). Depended on HSS charge
discharge prince wy in $/KWh, the cost of HSS at operation
battery Cf in $ is:

Clis Hitls * Wpg (46)

2.14 Power and utility grid interaction

Because it shares energy with the gird based on demand
response, exports power when there is an excess of electrical
power production due to the availability of RE sources, and
imports power when electrical prices are low and it is cost-
effective to import from the gird rather than operating
production units or when there is a deficit in meeting demand,
the CCHP-MG was connected to the gird to increase its
reliability and stability [41]. With the utility grid, the trading
power P}, in KWh may be written as follows:

PlsG = Pitmport - Petxport (47)
where, Pitmport is importing electricity from the grid in (KWh)

and Pjpope is export electricity to grid in KWh, the P t (+)
at import purchasing state, and (—) at export selling. The
power trading cost C{ . in $ deponed on electrical prince

¢ a8 N
Welect, 1N (KWh) 18!

t — t t
Ce.UG - PUG * Welect,

(48)

The constraint capacity of the interacting power it can be
expressed by:

Pirgli;lort Ug.import =< Piémport = Pi%‘;zsort Ug.import (49)
Pglcg:)rt Uet.export < Petxport < Pglc;grt Uet.export (50)
Ueg.import + Ug.export =1 (51)

where, Uet_import electrical import on/off state and PL-’,’;Z‘O”,
Plmpore limit power can be imported. Additionally, Uet_export

electrical export on/off state and Pgypore, Pexport

can be exported.

limit power

2.15 Heat power with upstream grid model

Because it shares heat energy with the gird based on demand
response, exports heat power when there is a surplus, and
imports heat when heat prices are low and it is cost-effective
to import from the gird rather than operating production units
or when there is a deficit in meeting demand, the CCHP-MG
was connected to the District Heating Network (DHN) or the
heat upstream gird in order to increase the reliability of the gird
[31]. With the utility grid, the trading power Hj; in KWh may
be written as:

— Ht

export

=Ht

Hlt]G import (52)
where, Hfmport is using grid-imported thermal power in KWh

and ngport is the grid's source of thermal electrical power in
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KWh, the H,; t (+) at import purchasing state, and (—) at
export selling. The power heat trading cost Cf ;¢ in $ deponed

. . . $ .
on electrical prince w}, 4 in (m) is:
t — t t
Chuec = Hyg * Whear. (53)

The constraint capacity of the interacting heat power can be
expressed by:

min t t mas t
Himport Uh.import < Himport < Himport Uh.import (54)
min t t mas t
Hexport Uh.export = Hexport = Hexport Uh.export (55)
t t
Uh.import + Uh.export <1 (56)

where, Hiport » Himpore limit power can be imported and
t : min
Ug impore heat import on/ off state. And where Hgpore »

HJ3%%, ¢ limit power can be exported and Uy 4.0, heat export
on/off state.

2.16 Model of emission costs

Greenhouse gases (GHGs) such as carbon dioxide (COy),
sulfur dioxide (SO»), nitrogen oxides (Nox), and particulate
matter (PM) are released during the energy production process,
with the exception of RE sources. It is crucial to minimize
these emissions. According to the monetary notion of cost
constraint, the released gases are therefore seen as a cost in the
cost objective function. The expression for the total emission
cost Cppy; in $ is as follows [42]:

Chi. = XTI PE G Ey; (7

where, P/ (KWHh) is the power product can emotion GHGs of
it" in this research DG, MT, and FC. The C; in (é) this is
expense of emission prince of j** GHG in this research is CO»,
Soz, Nox, and PM. The E; ; in (%) this is the amount of can

emission j* where product power for each i".
2.17 Power balance constraint model
This limitation must be met in order to guarantee that

electrical power production meets the necessary electrical
demand loads for each time:

PI\C/IT+ PIgC+PI§G + PI§V+ PVCVT+PI§.dis+ Pitmport
= Petxport + Plf.ch + Pcte + PLEH (58)
+ Ltelctr.

where, LY, is a load that requires electrical power in KWh.

To ensure that heat power is supplied that satisfies the
required heat demand loads for each period, this restriction
must be fulfilled:

HIEIT + HéB + PSCAH + HgH + ng.dis + Hitmport = (59)
ngport + Hls.ch + Hga + Lgleat.

where, L., is heat power demand load in KWh.

To ensure that cool electricity is supplied that satisfies the

required cool demand loads for each period, this restriction



must be observed:
Pcte + Hcta = Pct + Ltcool. (60)

where, L, is cool power demand load in KWh.

24

CF = Z[ Chr + SUCyr" + SDCyp" + Cloyr + Crct + SUCrc" + SDCrct + Clyre + Cpgt + SUCH"

t=1

2.18 Objective function cost model
In order to obtain the minimal cost function CF in $, this

study changed its multi-objective goal to a single aim by
considering emission cost as a monetary notion [43].

(61)

+SDUf¢ + Chpe + Ces" + Comen + Cb + Chis + Chye + Chyg + Chmil

3. CASE STUDY

Figure 1 illustrates the system topology used in this study.
It includes GB, EH, and a heat recovery system from MT to
cover thermal loads and FC, MT, and DG to cover electrical
loads. In addition to the renewable sources listed in Table 1,
which include WT and PV for electrical loads and SAH for
thermal loads, PV is used in this investigation. Four cases were

tested: one without SAH, one with SAH of type Case 1, one
with SAH of type Case 2, one with SAH of type Case 3, and
one with SAH of type Case 4. Each scenario had a number of
100. Systems for electrical and thermal storage and cooling
were also employed (Table 2). The emissions were listed in
Table 3. Table 1 hourly loads, prices, and renewable
generation [31, 42]. Data for the system are shown in Tables
4-7.

Table 2. Energy and heat storage system parameter

. max . .
Type PLM™ KW PO™ KW l{l’ill':/ P KW PM™KW P™ KW g Nas @ %)
Energy Storage System (ESS) 90 1 90 1 300 90 09 09 0.06
Heat Storage System (HSS) 90 1 90 1 300 90 09 09 0.003

Table 3. Emission parameters

K, K, K, K
Source Eco; (KT:/]h) Enox (KT:/]h) Eso2 (KT:/]h) Epy (K_"g")

DG 0.848 0.0013 0.00125  0.00036
FC 0.489 0.00001  0.000003  0.000001
MT 0.725 0.0002 0.000004  0.000041

$

GG 0.02 5 6 25

Table 4. Properties of absorber and electric chillers (EC)

Elect P}"i" Kw PI"*KW n; POC.,$KWh UR;KW DR;KW
Cee 0 100 0.85 4 150 150
Cca 0 200 0.85 0.8 160 160
Table 5. PV parameter optimization function [44]. Software called the General
Algebraic Modeling System (GAMS) is used to construct and
PV Aream? No.PV  7py describe the suggested optimization problem [45]. Gams is an
PV 2.374 150 24 extremely mathematical modeling system used to solve

Table 6. Heat recovery parameter

M Mur
HR 02 0.75

Table 7. Natural gas parameters

KWh $
LCV(E5) By (CR)
9.78 0.4

4. THE SOLUTION OF THE OPTIMAL PROBLEM

A combined-objective UCIMIQP is the formulation of the
suggested EMS. A single function that can be solved directly
in a single step develops from this integrated objective
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optimization challenges. To solve the suggested CCHP
optimization issue, the NLP solver is employed. The
procedure used to define and resolve the suggested
optimization issue is illustrated in the flowchart, as shown in
Figure 4.

First, the economic operation function serves as the
foundation for the formulation of each CCHP component.
Furthermore, the operation-related constraints are developed
and modeled in the way described in the preceding section.
Additionally, the combined goal function is designed to reduce
the cost of operation and emissions. At last, the entire issue is
resolved, and the results are shown. Absent optimization, the
system in the suggested CCHP doesn't work. This is due to the
interaction between the heating, cooling, and electric systems,
where energy is transformed into different forms to ensure
optimal system performance. Furthermore, the pricing
structure governs energy trading with the main grid, and it is



challenging to predict the timing and volume of energy
exchanges with the utility grid.

The suggested CCHP system operates in a cheap and
environmentally friendly approach because of the interaction

between the electric, heating, and cooling systems. As a result,
the objective function's formulation takes these systems'
interactions into account.

Input data
Hourly heat, electric and cool loads and prices

Model components of CCHP system

l

Define the objective function
Minimum operating cost

Apply constrains

Energy balance, component capacities w
7
Solve optimization model

Using GAMS /min —nlp

Display and export results

Figure 4. Flow chat of model and solution the proposed system

5. RESULTS AND DISCUSSION

In order to attain the least optimization cost, the suggested
grid has been solved by MIQP on the UC technique in GAMS.
The output heat power was experimentally measured in
January in Baghdad for 4 situations using the SAH model from
SAH, as shown in Figure 5, scenario 1, without SAH in this

study, which examined five scenarios with SAH. scenario 1
had the highest total cost for the day at $1132.025, followed
by scenario 2 in case 1 with $1104.582, scenario 3 with
$1096.22, scenario 4 in case 3 with $1190.25, and scenario 5
with $1074.482. The cost for all cases for each time is shown
in Table 8 and explained in Figure 6.
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Figure 5. Optimal output heat generated by solar air heater
(SAH)
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Figure 6. Total cost hourly for scenario 1 and 5



Table 8. Cost per time of combined cooling, heating, and power (CCHP) for scenarios 1 and 5 in $

Scenario 1 Scenario 5
Time (h) Electrical Cost Heat Cost Cool Cost Electrical Cost Heat Cost Cool Cost
tl 34.52958 -15.543 87.3 34.52958 -15.543 87.3
t2 35.21497 0.040812 61.11 35.21497 0.040812 61.11
t3 34.37438 0.81762 43.65 34.37438 0.81762 43.65
t4 34.11823 -13.9445 26.19 34.11823 -13.9445 26.19
t5 26.70413 10.11707 3492 26.70413 10.11707 3492
t6 34.97316 9.928068 59.36 31.7169%4 9.882529 59.36
t7 23.55238 9.34436 78.57 23.55238 9.244726 78.57
t8 1.285958 9.838046 104.8 1.285958 9.853949 104.8
t9 -34.2182 6.772332 96.03 -34.2182 1.380972 96.03
t10 -54.3221 -3.55043 78.57 -54.3221 -18.9027 78.57
tl1 -16.0709 1.694568 89.57 -16.0709 -3.80731 89.57
t12 37.45195 3.891501 113.5 37.45195 -4.51038 113.5
t13 18.98904 9.349068 148.4 16.278 9.429544 148.4
t14 55.48424 9.628068 131 53.15781 9.628068 131
t15 53.48127 3.870372 109.1 53.48127 0.947892 109.1
t16 53.33366 -5.96317 97.77 53.33366 -10.3102 97.77
t17 49.55651 -3.86826 92.56 49.55651 -9.61826 92.56
t18 50.82747 9.997828 131 49.26135 9.97849 131
t19 56.1995 10.03809 150.2 56.1995 10.03809 150.2
t20 68.22471 10.20817 157.14 68.22471 10.20817 157.14
t21 51.71351 10.74188 131 51.71351 10.74188 131
122 50.17223 10.63412 104.8 50.17223 10.63412 104.8
23 49.44578 10.14745 101.3 49.44578 10.14745 101.3
t24 43.27258 9.050088 91.7 43.27258 9.050088 91.7
It was observed that by using the SAH collector for scenario and cooling load needs over a 24-hour period. The CCHP
5, the cost was reduced by 27.8%, this means that the heat components, about 574 kW for heat, 421 kW for electricity,
added to the micro grids has led to this cost reduction. Where and 157 kW for cooling, are designed for peak usage.
a profit of approximately $59 per day.
Table 9 shows the hourly thermal performance of four 700 -
different setups of SAHs. The findings show how system —
design improves thermal efficiency and show distinct patterns ‘
in the behavior of heat generation during a normal 24-hour 00
cycle. 3 400 |
E ‘ ~e—Heat Load
Table 9. Output heat generation from solar air heater (SAH) g 3% —e—Electic load
cases in KW 200 Cool load
100 -
Time SAH1 SAH2 SAH3 SAHA4
I; g 8 8 g ’ ‘1 3 &5 7 9 11 4315 1719 21: 23 -
3 0 0 0 0 me
t4 0 0 0 0
t5 0 0 0 0 .
Iy 0.09 0.19 02 02 Figure 7. Power load demand
t7 0.098 0.246 0.295 0.345
t8 0.173 0.271 0.32 0.4189 50
t9 0.246  0.2218  0.321 0.468
t10 0.295 0.295 0.394 0.481 > 200
tl1 0.345 0.369 0.444 0.493 = \/
t12 0345 0394 0445  0.665 3 150 =
t13 0.271 0.296 0.394 0.542 g o Ml
t14 0.246 0.271 0.32 0.542 .§ 100 P_FC
t15 0.21 0.246 0.222 0.369 = —o—wind
t16  0.197 0246 0221  0.345 50 g T
t17 0.147 0.1 0.197 0.345 -
t18 0.098 0.098 0.19 0.24 B = o 2 e
t19 0 0 0 0 1 3 5 7 9 11 13 15 17 19 21 23
20 0 0 0 0 Hmish
t21 0 0 0 0
22 0 0 0 0 . . . . .
03 0 0 0 0 Figure 8. Optimal electrical power schedule with electrical
04 0 0 0 0 load scenario 1
Figure 7 presents the CCHP system's hourly heat, electric, The generation of electrical energy sources for scenarios (1
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and 5) is described in Figures 8 and 9, which are similar. Due
to its high running costs and lack of economic viability in
comparison to the inexpensive and fully capable production of
electrical energy from MT, DG is always in the off state. In
addition to the existence of FC, which is switched on at t7, the
remaining energy is provided by renewable sources RE, which
include WT and PV, as the work of the MT lengthens the time
to compensate for the deficiency that occurs at the peak of
pregnancy.

Figures 10 and 11 show the meeting of electrical needs from
the grid, where it is less expensive and more cost-effective
than using DG. Electricity is exported to the grid between t7
and t13, where it is operated by RE sources. When MT is
operating at full capacity, power prices are high, and selling
the generated electricity to the grid is lucrative.
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Figure 9. Optimal electrical power schedule with electrical
load scenario 5
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Figure 10. Exchange of electrical power with the grid
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Figure 11. Exchange of electrical power with the grid
scenario 5
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Figure 12 explains that the battery rests at its maximum
capacity for the majority of the time in scenarios 1 and 5, and
its charge is discharged to the MG during t9-t13 to help cover
the loads. The batteries are charged during t13, when the WT
and PV are producing at their highest levels, to store this
energy and release it in the morning.
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Figure 12. Optimal power schedule of Energy Storage
System (ESS) scenario 1 and 5
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scenario 1
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Figures 13 and 14 show that the majority of the thermal
loads are met by recovering the waste heat from the MT, with
the remainder being met by the GB. The EH will attempt to
meet the remaining loads for scenario 1 during periods of peak
heat demand, which are t1-t7 and t16—t24. Instead of covering
the loads and lowering the output of the remaining heat
sources, it is more cost-effective to export and sell this heat
differential to the network when adding SAH in scenario 5,
which contributes from t5 to t19. By storing heat during
periods of plenty till periods when heat is scarce, the thermal
battery TEE balances the production and demand for heat in
both situations.

Figures 15 and 16 show that the EC usually provides
cooling during the day because the price of gas is high, as
mentioned previously, and also the number of PVs is large,
which makes the cost of electricity for cooling less than
heating, so the absorber chiller only works at the time t13, t14
when the price of electricity is at its highest.
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Figure 15. Cool power exchange with grid scenario 1
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Figure 16. Cool power exchange with grid scenario 5

When studying the microgrid system, it is necessary to
identify the emissions from electrical and thermal devices in
order to limit these and reduce their cost. Figure 17 shows that
it is evident from the comparison that Case 4 outperforms Case
1 in terms of emissions. Even while emissions in the early
morning and late evening don't change much, the decreases in
the daytime validate that higher renewable penetration with
SAH has successfully reduced emissions.

Thermodynamics provides an explanation for the notable
27.8% cost decrease attained by wusing solar heating.
Conventional heat generating machines utilize less fuel
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because solar air heating offers a direct supply of low-grade
thermal energy. As a result, the CCHP system uses less fuel
overall, which lowers operating expenses and emissions.
Solar heating immediately replaces fuel-based thermal
generating and lowers carbon emissions, providing substantial
environmental benefits in addition to economic ones. Solar
heating reduces fuel consumption for thermal loads, leading to
a more direct emission reduction than PV and wind systems,
which primarily balance electricity demand. Solar heating has
a greater overall effect on emission reduction since there are
no conversion losses, demonstrating its usefulness as an
additional renewable technology in CCHP systems.
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Figure 17. Emissions in Kg with grid scenario 1 and 5

6. CONCLUSION

This study presents an experimental investigation of an
innovative design of SAH are developed experimentally tested.
These types of SAHs are integrated with the proposed CCHP
system in one novel approach. The optimization problem is
formulated as MOMINL with consideration of the UC strategy
in both electric and heat systems to reduce both the operating
and emission costs. The emission level of GHGs is converted
into monetary form, allowing the problem to be solved directly
in a single step. According to the findings, adding solar heating
to the CCHP system lowers carbon emissions while cutting
overall running costs from $1132 to $1074 and a 27.8% cost
savings. Besides, the charging and discharging operation of
the storage devices minimizes the operating and emission
costs. The proposed optimization framework provides a
practical tool for designing and operating low-carbon
microgrids, enabling energy planners to reduce both costs and
emissions in real-world CCHP applications.

This study has certain limitations despite the encouraging
outcomes. The suggested model is predicated on a number of
energy consumption and system functioning assumptions that
could not hold true in the actual world. Additionally, weather
information and solar availability, which might change
depending on the location and season, have an impact on how
well solar heating works. In order to confirm the applicability
of the suggested approach in real-world microgrid
deployments, further work will concentrate on integrating
uncertainty analysis with real-time operational data.
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NOMENCLATURE

pmax Maximum power can be generated (KW)

pmin Minimum power can be generated (KW)

Sc Price Startup cost ($)

Sd Price Shutdown cost ($)

UR; Ramp up power (KW)

DR; Ramp down power (KW)

Eco Co2 emission rate —%

KWh

Enox NOx emission rate —2

KWh
Eso; SO2 emission rate —2
KWh
Epm Particle emission rate —-
KWh

Kom. Maintenance cost rate coefficient ( ﬁ)

n Efficiency (%)

H Heat power (KW)

P Product power (KWh)

C Cost ($)

. $ $

w Price (——) or (—

U On/ off state (1 or 0)

Com. Maintenance cost ($)

b. Battery

g Natural gas

a Cost coefficient in

$
(KWZ h)



St‘

soct
ch
dic
ESS
LCV

MT
HR

Cost coefficient in (i)
{$(Wh
Cost coefficient in (;)

Solar radiation in (%)
Time period (h)

State of charge in (KWh)
Charging in (KWh)
Discharging (KW h)

Energy Storage System

KWh
m3 )

Low heating value (

Microturbine
Heat recovery

550

WT
PV
SAH
Cce
Cca
EH
HSS
MG
CCHP
ucC
UG
MINLP
GAMS

Wind turbine

Photo voltage panel

Air Solar Heater

Cool of electric chiller

Cool of absorber chiller

Electrical heater

Heat storage system

Micro grid

Compound cool, heat and power
Unit commitment

Utility rid

Mixed-Integer Non-Linear Programming
General Algebraic Modeling System
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