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Abstract: Recently, electric distribution grids supply not only electric loads but also heating
and cooling loads simultaneously to increase the efficiency of the system and reduce the
emission of greenhouse gases. An energy management system (EMS) to reduce the com-
bined total expense including environmental damage cost of the combined cooling, heating,
and power (CCHP) smart distribution grids in a cooperative framework is proposed in
this paper. The entire problem is modelled as a unit commitment interval mixed integer
quadratic program (UCIMIQP). The UC is developed to respond to the operation of the
electric, heating, and cooling systems and takes into consideration the exchange of energy
between these systems. In addition, the demand response (DR) is incorporated with the
optimization problem as a decision variable to shave the peak load and reduce the total
system cost. The environmental damage is converted to expense, and the entire combined
problem is converted to a unified function that is possible to solve in one step, where this
is suitable for online operation. Furthermore, a set of realistic constraints is considered to
make the approach close to a real scenario. To verify the effectiveness and robustness of the
proposed model, the analysis is applied to the distribution grids, which include electrical,
heating, and cooling systems, where these systems operated cooperatively. The interaction
between these systems makes the operation more flexible and economical. The results
show that the total cost is reduced through an exchange in energy between the systems.
Additionally, the consideration of the demand response reduces the maximum load and
decreases the total cost.

Keywords: CCHP; demand side management; multi-objective optimization; unit commit-
ment; environmental damage cost

1. Introduction

Smart distribution grids are a promising technology to integrate low emission and
renewable energy resources with the power grid. Recently, smart distribution grids have
been developed to supply end users with not only electric energy but also heating and
cooling in a smart, high-efficiency, environmentally friendly system. The energy flows
between the electric, thermal, and cooling systems in a cooperative CCHP framework to
reduce the emission of greenhouse gases and increase the entire system’s energy efficiency
with a reduction in total operating cost. The interaction between these systems leads to an
increase in the complexity of the operation.

Appl. Sci. 2025, 15, 1407

https:/ /doi.org/10.3390/app15031407


https://doi.org/10.3390/app15031407
https://doi.org/10.3390/app15031407
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4585-7812
https://doi.org/10.3390/app15031407
https://www.mdpi.com/article/10.3390/app15031407?type=check_update&version=2

Appl. Sci. 2025, 15,1407

2 of 24

The optimal operation of the CCHP achieves significant benefits for both the environ-
ment and the system operators. Therefore, many sophisticated and intelligent algorithms
have been developed to model and analyze the optimal operation of the CCHP system.
Many researchers address different optimization approaches to minimize the operating
cost of multicarrier systems. In ref. [1-10], authors proposed EMS to minimize the total
operation cost of systems which supply electric and heat power (CHP). However, the
cooling system is not taken into consideration in the approaches proposed in these papers.

Authors in reference [11] proposed optimal operation planning of CCHP with the
integration of renewable energy. Different cases with and without renewable energy are
conducted to evaluate the impacts of wind and solar energy on the optimal operation of
the CCHP system. The results showed that the performance of CCHP integrated with
either photovoltaic panels or solar collectors is much better than CCHP integrated with
photovoltaic thermal solar collectors. A day-ahead optimal planning of the CCHP system
with integration of renewable energy resources was presented in [12,13]. It was found
that employing the storage energy device reduces the cost. Authors in reference [14]
proposed an EMS of the CCHP system to minimize the operating cost and keep the risk at a
permissible level, while reference [15] presented an EMS to minimize the operation cost of
the CCHP system with consideration of renewable energy. Reference [16] suggested optimal
planning to reduce the operating cost with the integration of renewable energy where the
results revealed that the proposed approach improves the system'’s energy efficiency.

References [11-16] minimized the operating cost only, and they ignored the environ-
mental damage cost in their proposed approaches. In addition, unit commitment was not
taken into account in their analysis. Further, many realistic constraints were overridden,
and they managed only the generation side and did not consider the management of
consumption of end users.

Reference [17] presented the optimization approach of CCHP with the integration
of electric vehicles (EVs) as an electric source. The result reveals that the integration of
EVs increases the benefits compared to EVs. The proposed optimization algorithm of the
CCHP system is either to minimize the operating cost or emission of greenhouse gases
(GHGsS) in the trading-off approach due to conflict between two objective functions. The
simulation results showed the effectiveness of the proposed approach to improve the system
efficiency and reduction of greenhouse gases. The author in reference [18] demonstrated a
multi-objective optimal operation to reduce the total expense of the operation. However,
in [17,18] the proposed analysis is modelled as a multi-objective model, and the compromise
Pareto solution set of nondominated solutions is obtained. However, this method is a
tradeoff method; there is not any single optimal solution, and it is not suitable for online
operation. Furthermore, the demand response is ignored in this approach. The exchange
in energy with the utility grid is overridden in this model. Reference [19] proposed an
optimal planning of CCHP with the integration of electric vehicles as new energy sources
to reduce the cost of operation. Different scenarios have been conducted depending on
the variable of consumer consumption during different seasons. The proposed model
overrides the emission cost and demand side in their approach, and many constraints and
unit commitments are not considered in the proposed approach.

References [20-23] suggested optimal planning to reduce the cost of fuel consumption
under uncertainty of renewable energy generation and load by employing a two-stage
approach. The first stage is the day-ahead economic schedule, and the second stage is
a correction stage of sustainable energy resource generation and load prediction. All
references do not take into consideration the emission cost and demand side response. This
paper takes into consideration the demand response mechanism, energy storage devices,
and exchange in energy with the utility grid with the flexibility of operation of CCHP
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system devices by transforming energy from one form to another to mitigate the fluctuation
in the renewable energy resources and loads variability. In addition, the robustness of the
system is improved without excessive expense.

Authors in [24-26] presented an optimization approach to minimize the operating
cost of CCHP based on an energy hub. However, these papers ignored the emission cost
and demand side management from their formulation of the optimization problem and
many realistic constraints. Additionally, the unit commitment technique is not considered
in their model.

The optimal planning of both the generation and demand sides is an important tech-
nique to tackle the impacts of the intermittence of renewable energy generation. Accord-
ingly, many researchers proposed the optimization approach of smart grid with integration
of demand side management [27-32]. However, these studies proposed the optimization
problem with demand-side management of single carrier microgrids without considering
heating and cooling systems. Few researchers suggested an optimal operation of CCHP
with demand response [12,33]. However, reference [33] ignored the environmental cost,
UC strategy, renewable energy, gas boiler, and chillers models in their proposed model.
Furthermore, the demand response is not considered a decision variable in the optimization
problem. Reference [12] overrides the environmental cost, startup and shutdown cost of
generators, UC strategy, ramp rate constraints, and constraints relevant to environmen-
tal damage.

In this paper, a novel UC optimal operation of CCHP with the integration of demand
response and renewable energy sources is proposed to minimize both the total running
and environmental costs, where the DR program is considered as a decision variable in
the optimization problem. Additionally, a set of realistic constraints is taken into account
in the proposed model to make the problem close to a real scenario. The UC technique
and the constraints are developed to respond to the interaction between electric, heating,
and cooling systems to achieve optimal operation. Further, the ramp rate constraints are
considered not only for generators but also for GB and AC. The proposed optimization
problem aims to minimize both the operating cost and emission level of the GHGs. These
functions are conflicted. Therefore, the emission level of the GHGs is converted to expense,
and the two-objective optimization problem is converted to a unified problem that can
be solved and a single solution is obtained, which is suitable for real-time operation.
Two scenarios are conducted with and without demand response to achieve the aim of
this paper.

2. Mathematical Model of the Components of the Proposed System

It is important to model all components of the proposed system as accurately as
possible to formulate the optimization problem. The following are the mathematical
models of each component of the proposed system.

2.1. Electric Subsystem

The electric grid includes the following devices, where each one is modelled to incor-
porate with the optimization approach.

2.1.1. MT-Based CHP Model

MT-based CHP is considered in this paper to supply electric and heat energy simulta-
neously. Micro-turbines are fueled by NG. The consumed gas is determined by employing
the following equation [33-35]:

gemr(t) = Umr(t)-Ppr(t)/ (LnG,MT 1TMT) )
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where Py7(t) is the produced electric power of the MT (kW), Ly umr is the low heating
value (LHV) of the NG (kWh/m?), 7y7 is the efficiency of MT, and U7 (t) is the on/off
case of the MT.

The CHP generates heat power in addition to electric energy, where the produced heat
power is depicted in the following equation:

Hyr' = Upmr'-Pur'-[1 = namr — 61)-0p /1t @

where §; is the heat loss factor of the MT and &y, is the efficiency of heat recovery. The
expense of the NG consumed by the MT is determined as follows:

Cur' = geyr' Ps (3)
where py is the price of NG (EUR/m?).

2.1.2. Fuel Cell

The following formula is employed to determine the fuel consumption of the FC [33,34]:

t
gcpc' = Urc'-Prc /(Lng,rc1FC) 4)

where Pr¢! is the production power of the FC (kW), and Ur¢! is the on/off case of the FC.
The running cost of the FC is as follows:

Crc' = gepc’pg ()
2.1.3. Diesel Generator
The fuel consumption of the DE is calculated from the equation below [7]:
Che = a:Uhg +a1-Ubg Pog' + @ U (Poc') ©

where a1 and a; are the coefficients of the cost function and l,l,tJ F is the on/off state of the
DG at each time interval.

2.1.4. Energy Storage Battery
The following equation governs the operation of the SB [36]:

_ Psp_ gt
Wsp' = Wsp' ™! — At (Sf;d,dls) + At-Psg_cp' 1 (7)
18

where Wgp! and Wsp! ™! are the level of the SB charge at time t and t — 1, respectively.
Psp_,' and Psp_ 4" are the delivering and absorbing power. 7., and 774, are the efficiencies.
At is the time interval of operation. The expense of the SB operation is calculated as follows:

Csp' = Cy4 -Psp'-At (8)
where C; is the operation expense of the SB (EUR/kWh).

2.1.5. Exchanging Electric Energy with the Utility Grid

The CCHP system can trade energy with the main system, and this cost is formulated
as follows:
Cu =Py cu )
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where P/; is the exchange of power with the main grid. It takes either positive for buy-
ing power or negative for selling power. c}; is the electric energy open market price
(EEOMP) (EUR/kWh).

2.1.6. On/Off Costs of the DGs

These costs are formulated using the following equations [7,34]:

sut =S, - (uf —uf-ut) (10)

SDi =5, - (u{*l - u;uf*l) (11)
where S, and Sd,- are the costs of frequent on/off of the ith DG (EUR/kWh).

2.1.7. Emission Cost

The emission of carbon dioxides CO,, Sulphur dioxides SO;, nitrogen oxides NOy,
and particulate matter PM causes damage to the environment and pollutes the weather.
These are converted to expenses using the following formula:

t _ K N t
Cp = Zj:l Y iz EjirGj-P] (12)

where C; (EUR/kg) is the price for emission of the jth greenhouse gas, and E;; (kg/kWh) is
the level of the emission of the jth GHGs due to the operation of the ith DG. N and K are
the number of DGs and GHGs, respectively.

2.1.8. Operation and Maintenance Expense of DGs

N
Clypi=Y_ U Kop;i-P (13)

om,i i
i=1
where K, ; (EUR/kWHh) is the coefficient of operating and maintenance cost of the ith DG.

2.2. Heat Subsystem

The model of each component of the heat system is listed as follows:

2.2.1. Gas Boiler Operating Model

The GB consumes fuel during its operation. This expense of consuming fuel is ex-
pressed as follows:

t
gCGB _ HGB
t

= (14)
LnGg-GB'YGB

where H. is the produced heat from the GB and 75 is the efficiency of the GB. The
running cost of consuming NG is as follows:

Cep = gCtGB'pg (15)

2.2.2. Electric Heater Model

The EH converts electric energy to heat energy to supply the heat load, where the
equation describes the expense of operation as follows:

H}tSH = Plt-:H "MEH (16)

where PL, is the consumed electric power, and 77gy is the efficiency of the EH.
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2.2.3. Heat Storage Model
The HS operation is expressed by the following formula [34]:
t_ -1 Hyis—ais' t
Whs' = (Wys )-(1—pns) — At N + At-Hys—an' 1, 17)
1s

-1

where Wys! and Wys'™! are heat levels stored in the HS at t and t — 1. Hyg_4s" and

Hps_c' heat are power delivered of or absorbed from the HS (kW).oys is the heat loss rate.

2.2.4. Exchanging Heat Energy with the Main System

Heat energy can be exchanged with the main grid, and the expense of these operations
is expressed by the following equation:

Clip=Hy cu-n (18)

where HI; is the exchange of heat power with the main grid. It takes either positive for
buying power or negative for selling power. The ¢}, is the heat energy open market price
(HEOPM)(EUR/kWh).

2.2.5. The Operating and Maintenance Cost of the GB

CztymfGB = UEB'Kom—GB‘Pé;B (19)

2.2.6. The Operating and Maintenance Cost of the EH

Chm_rr = Upy-Kom—en-Phy (20)

where K,,,,_cp and K,,;,_rg (EUR/kWNh) are the coefficients of maintenance cost of the GB
and EH.

2.3. Cooling Subsystem

The model of each component of the cooling system is listed as follows:

2.3.1. Electric Chiller Operation Model

The EH supplies a cooling load by converting electric energy to cooling energy. The
supplied cooling energy of the EC is expressed as follows:

Chkc = P -COFgy (21)

where PL. is the supplied electric power to the EC and COFgy is the coefficient of
performance.

2.3.2. Absorption Chiller Model

The AC provides cooling energy by utilizing the heat energy which is supplied by the
heating system. The following equation determines the supplied power from the AC:

Che = HYyc - COF4c (22)
where H', - is supplied heat to the AC and COF 4 is the coefficient of performance.

2.3.3. The Operating and Maintenance Cost of EC

Cf)m—EC = Kom—EC'P}tgc (23)
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2.3.4. The Operating and Maintenance Cost of AC

CémfAC = Kom—AC'P,tqc (24)

where K,,,,_gc and K,,;,_ ac (EUR/kWh) are the coefficients of maintenance cost of the EC
and AC.

3. Proposed Model of Demand Response

The DR technique is applied to the electric load to change the load pattern of power
consumption and shift the peak load to the off-peak hours. The max load is shaved and
shifted to off-peak hours and is performed using a DR program, where the DR program is
considered as a decision variable in the optimization problem.

The aim of this technique is to shave the max load and limit it to a specific value,
where the cutting load is shifted from peak to off-peak hours consumption. The following
equations are considered to perform the DR program.

Py ={Pt—(PL-PL,)o}+P, (25)
ZteQ (P[tJ - Plifp) 52

P, = ap{ W 0 (26)

for Ly, > Py and Lf > Pyé; =1 (27)

6t =0for Ly, < Pjand L < P; (28)

forty <t < hop=1 (29)

for other values of t(S} =1 (30)

0<a,<1 (31)

0<a,<1 (32)

where Pf—m is the hours, ap is the percentage of the cutting load during the high load hours
and supplied again during off-peak hours, h, is the number of off-peak hours (h), P} is the
base load (kW), P£7 ¥ is the final modified load, Pf, " is the peak load, and Q) is the set of
on-peak hours during which the energy is reduced.

The peak shaving parameters affect the performance and results of the DR program,
and this is reflected in the results of the optimizing approach, cost value, and scheduling of
the energy generation devices. Therefore, these parameters should be chosen carefully. In
this study, these parameters are chosen based on operational thresholds commonly found
in similar systems and supported by open literature resources.

4. Optimization Problem of the Proposed System
4.1. The Formulation of the Objective Function

The aim of this paper is to minimize the combined objectives, the total running cost,
and the emission of GHGs for the proposed CCHP system while satisfying a variety of
realistic constraints of the electric, heating, and cooling systems. This is achieved by
optimal planning of both the generation and consumption of end users simultaneously.
The interaction between electric, heating, and cooling systems allows energy to flow
between these systems to drive the proposed CCHP system operation economically and
environmentally friendly. Therefore, the formulation of the objective function takes into
consideration the interaction between these systems. One of the effective approaches
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to convert the multi-objective optimization problem into a single objective function is
the monetized emission of GHGs and its incorporation with operation costs in a single
objective optimization approach [37,38]. In this study, this approach has been utilized to
formulate the optimization problem of the proposed CCHP system, where the equation is
12. Additionally, considering the constraints of Equation 59 enables more control over the
emission of GHGs in the area of the system. The objective function is formulated as follows:

F=min}|_; {Clyp+Che+Chp+Chp+Ch+SUlyp+SUkc+SULp+SDlyp+SDc+SDhp+Chp+Cl_y
+Com-mr+Com—rctCom—pETCom—c8TCom—ectCom—actCom—tn (33)
+(1-a).Cp_gu-Ph_g, }

where P| _, is the shedding load during the high load hour which is not supplied and
Cp_gp, is the penalty for uncovered loads (EUR/kWh).

4.2. Mathematical Model of the Constraints

The proposed multi-objective function of Equation (33) is subjected to the following
constraints.
4.2.1. Energy Balance Constraints

The electric, heating, and cooling loads should be met at each time interval, where the
energy balance equations are as follows:

a.  Electric Energy Balance Constraint

Z?;1{P1§4T+P£C+PJSE+P5\/+PEV+P§B—dis+Pfl—p = Pi—f+P§B—ch+P{I—s+Pltsc+Pft—:H} (34)
where Pj; and Py, are the supplied wind and solar power and P{;_, and P{;_ are the
buying and selling power from/to the upstream system.

b.  Heat Energy Balance Constraint
T t t t t t t t t t
Yo {HMT + Hgp + Hpy + Hyg_gis + Hy—p = Hp + Hyg_ o, + Hy s + HAC} (35)

where H ltl_p and H},_, are the exchange in heat power with the upstream system and
Hj is the heat load in kW.

c.  Cooling Energy Balance Constraint
T
Y —1{Chc + Cac = Ci} (36)
where C} is the cooling load in kW.

4.2.2. The Generators Operating Constraints

a.  Capacity Constraints

P1£1in,i < Pit < Plsmx,i (37)
where P! . .and P! . are the minimum and maximum delivered power of the ith
DG.

b.  Ramp Rate Constraint

This constraint should be satisfied at each operation period to protect the generators
from damage. The following equation is utilized to integrate this constraint with the
optimization problem:

—DR;-AT < PI*1 — PE < UR;AT (38)
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where DR; and UR; are the ramp-up/down limit of the ith DG.
4.2.3. Operation Constraints of the Storage Battery
The constraints that govern the operation of the SB are as follows:
State of Charge Constraint
WéB—min < WéB < WéBfmux (39)
Charging and Discharging Power
t t t t t
Usg—cnPsp—chmin = Psp—cn = Usp—ch Psp—ch,max (40)
t t t t t
USdeis'PSdeis,min < PSdeis < uSdeis'PSdeis,max (41)
Usp_c, + Usp_gis < 1 (42)

where Ué B_cy, and Ué B_dis are zero/one variables that are utilized to prevent the SB
from charging and discharging at the same time.

4.2.4. The Heat Storage Constraints

These constraints are expressed using the following equations:

State of Charge Constraint
WItJS—min < WIt{S < Wltisfmax (43)

Charging and Discharging Power

t t t t t
UHsfch'HSchh,min < HHsfch < UHsfch'PHSfch,max (44)
t t t t t
uHsfdis.PHsfdis,min < PHsfdis < uHsfdis'PHsfdis,max (45)
t t
Ups_cn + Ups_gis < 1 (46)

where Uf{s_ o, and Uhs_ Jis are zero/one variables that are utilized to prevent the HS
from charging and discharging at the same time.

4.2.5. The Gas Boiler Operation Constraints

The following constraints limit the operation of the GB. The output heat power limits

and ramp rate limits are formulated as follows:

t t t
Hepmin < Hop < Hgp max (47)

—DRgp-AT < H'' — H' < URgp-AT (48)

4.2.6. The Electric Heater Constraints

HItSH,min < HEH < H;EH,max (49)

4.2.7. The Electric Chiller Constraints

Céc,min S CEC S C;SC,max (50)
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4.2.8. The Absorption Chiller Constraints

The output power limit and ramp rate are the constraints which are considered to
limit the operation of the AC. These constraints are formulated as follows:

Cf‘lc,min S Cf‘lC S Cf‘lC,max (51)
—DR4c.AT < CHY — €Y - < URpc-AT (52)
AC AC

4.2.9. Constraints of Exchanging Electric with the Main Grid

These constraints are expressed in the following formulae:

UE;,p-Ptu,pW <P, < UE{,,p-PL,pfmx (53)

UE! Py i < Pl SUELPL (54)

UE, , + UE;; <1 (55)

where P{I,pfmx, P&,p_mm, Pa,sfmx, and Pﬁls_min are the maximum and minimum ex-

change of electric power with the main system. UE tu,p and UE {,,S are zero/one variables to
prevent buying and selling electric power at the same moment.

4.2.10. Exchanging Heat Energy with the Utility Grid
These constraints are formulated as follows:

t t

LIH;,pHu,pimm < Hj, < UHil,p-Hu,pfmx (56)

UH! Py o < Pl SUHY Py (57)

UH; , + UH, <1 (58)

where H&,pfmx, Hb,p_min, H{J,Sfmax, and Hil,s—min are the maximum and minimum ex-

change of heat power with the main grid. UHfW and UH f,rs are zero/one variables to
prevent buying and selling heat power at the same moment.

4.2.11. Emission Limitation

This constraint limits the emission level of the GHFs in the area of the CCHP system:

K N t
Z]’:l Zi:l Ej,i'P S LJ' (59)

where L; is the emission limitation of the jth greenhouse gas from the ith DG in the area of
the CCHP system.

5. Solution of the Proposed Combined-Objective Function

The proposed EMS is formulated as a combined-objective UCIMIQP. This combined-
objective optimization function is converted to a single function that can be solved directly
in one step [37,38]. General algebraic modelling system (Gams) software is employed to
formulate and model the proposed optimization problem. Gams is a highly mathematical
modelling system for modelling and solving optimization problems. Cplex Solver is
utilized to solve the proposed CCHP optimization problem. CPLEX is an efficient solver,
which is based on the branch and bound algorithm. One of the significant merits of this
algorithm is that when the solution is obtained it is the global optimum [39]. The flowchart
shown in Figure 1 depicts the process that has been followed to formulate and solve the
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proposed optimization problem. Firstly, each component of the CCHP is formulated based
on its economic operation function. Additionally, the constraints relevant to the operation
are modelled and formulated as aforementioned in the previous section. Further, the
combined objective function is formulated to minimize the operation and emission cost
as in Equation (33). This objective function is modelled as UCIMIQP. Finally, the entire
problem is solved, and the results are obtained.

Input hourly data

Electric, heating, cooling loads, OMPs, wind, and solar genera-

tion. Technical and economic parameters

v

Modeling the components of the proposed system

Egs. (1) to (24)

v

Modeling of DR mechanism Eqgs. (25) to (32)

v

Formulate the objective function Egs. (33)

v

Model the constraints Egs. (34) to (59) ‘_| Relax constraints

l A

Solution the proposed optimization problem

Feasible Solution

Results

End
Figure 1. Flowchart of the formulation of and solution to the proposed optimization problem.

There are many algorithms and methods in the open literature to solve the variety
of optimization problems of the CCHP systems. The mature and famous methods are as
follows: deterministic methods (liner programming (LP), non-linear programming (NL),
mixed integer linear programming (MILP), mixed integer quadratic programming (MIQP),
and dynamic programming (DP)), heuristic and metaheuristic methods (genetic algorithm
(GA), particle swarm optimization (PSO), simulated annealing (SA), grey wolf optimizer
(GWO), and multi-objective evolutionary algorithms (MOEAs)), artificial intelligence (AI)
and machine learning (neural networks (NNs), fuzzy logic (FL), and reinforcement learning
(RL)), and hybrid methods, which combine multiple techniques to combine their strength
(MILP with metaheuristics, deterministic with stochastic methods, and metaheuristics with
Al). The details of these methods, in aspects of formulation and suitability of each one to
solve a specific optimization problem efficiently better than others with relevant algorithms,
and comparisons between these methods are presented in the references [40-49]. Real-time
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and model predictive control energy management systems of the microgrids are addressed
in [39,50].

Selecting the suitable solution method to formulate and solve the optimization problem
depends on the types of the objective function, constraints and variables of the problem,
the dimension of the problem, and where each optimization problem is different from
others based on these criteria. In addition, the global optimal solution is a considerable
factor in the formulation and solution of the optimization problem of CCHP systems,
where the local optimum solution may be not an economic solution and affects the fidelity
of the proposed approach [48]. Similarly, the solution time is an important factor in the
solution of the optimization problem, particularly in the case of online optimization. Clearly,
choosing the solution methods is a vital decision in the formulation and solution of the
optimization problem.

In this paper, the branch and bound algorithm is employed to solve the proposed
UCIMIQP because when the solution is obtained that means the solution is the guaranteed
global optimum and the solution time is not computationally intensive. In addition, the
algorithm is integrated with an efficient solver [49]. This simplifies the formulation and so-
lution of the problem. Compared to the aforementioned methods, heuristic, metaheuristic,
and hybrid methods are computationally intensive and stick to local optimum solutions,
while model predictive control and real-time methods are suitable for the stochastic opera-
tion of the system.

Optimization is a key factor in formulating and solving the optimal operation of
the modern smart grids that supply not only electric loads but also heating and cooling
loads in the combined low-emission system. In the conventional system that supplies only
electric load, it is possible to operate without optimization, where each generator provides
energy according to its rating regardless of its operational cost and emission level of GHGs.
This will be a costly option that leads to pollution. In addition, to consider the UC in the
conventional system, optimization should be utilized.

In the proposed CCHD, it is impossible to operate the system without optimization.
This is because of the interaction between the operation of the electric, heating, and cooling
systems, where the energy is converted from one form to another to make the system
operate efficiently. In addition, trading energy with the main grid depends on the pricing
system, and it is difficult to determine the amount and the time of the exchange in energy
with the utility grid. Further, consideration of the electric and heat storage systems, which
operate either in charging, discharging, or idle modes, increases the complexity of the
problem, and it is possible to determine the amount of energy that needs to be charged or
discharged and to specify a specific time of these operations modes. Furthermore, the UC
and DR strategies are impossible to address without optimization, and the optimization
problem dispatches the energy resources according to their cost functions.

6. Proposed CCHP System

Figure 2 depicts the schematic arrangement of the proposed smart CCHP system. The
CCHP supplies electricity, heating, and cooling loads. The CCHP system consists of an
electric grid, a heating system, and a cooling system, where these systems interact to allow
the flow of energy and supply their load in an economical and environmentally friendly
framework. The electric system includes a variety of distributed generators (DGs) such as
fuel cells (FCs), diesel generators (DEs), microturbine-based CHPs, wind turbines (WTs),
and solar panels (PVs) and it has storage batteries (SBs). The heating system includes a
gas boiler (GB), electric heater (EH), heat storage tank (HS), and heat recovery (HR) to
recover waste heat from the CHP generator. The cooling system encompasses an electric
chiller (EC) and an absorption chiller (AC). The CHP is fueled by natural gas to produce
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electric and heat energy simultaneously, whereas FC and GB consume natural gas (NG) to
generate electric and heat energy. In addition, the EH transforms electric power to heat.
Furthermore, the EC utilizes electricity to supply a cooling load, while the AC employs
heat to generate cooling energy. The different loads are satisfied by the exchange of energy
between these systems and the utility grids.
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Figure 2. Schematic of the proposed CCHP system.

The hourly electrical and thermal energy demands, along with the corresponding
energy exchange prices, are detailed in Table 1. The generation profiles of photovoltaic
(PV) and wind turbine (WT) systems are illustrated in Figure 3. These data points are
sourced from credible studies [33,51]. The rated delivering and absorbing power of the SB
is 90 kWh, while the rated high and low levels of charge of the SB are 300 kWh and 90 kWh,
respectively. The rated maximum and minimum stored energy of the HS are 300 kWh and
90 kWh, respectively. The rates of GB and the electric heater are 150 kWh and 500 kWh,
respectively. The ramp rates of the CHP, FC, DE, GB, and AC are set at 100 kW, 30 kW,
70 kW, 120 kW, and 160 kW, respectively. The system combines multiple energy generation
and storage technologies to balance supply and demand efficiently. The maximum output
power in kW of CHP, FC, DG, GB, EH, and grid exchange capacities is 200, 60, 140, 150,
500, 200, 200, 100, and 200, respectively, while the minimum output power is 20, 5, 20, 5, 5,
10, 10, 5, and 5.
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Table 1. Hourly electric, heating, and cooling loads and prices [33,51].
T E. Load H. Load C. Load E. Price H. Price
(h) kW kW kW EUR//kWh EUR//kWh
1 192 466.88 87.3 0.01 0.162
2 177.6 481.82 61.11 0.018 0.133
3 132 489.29 43.65 0.02 0.136
4 122.4 481.82 26.19 0.018 0.147
5 117.6 489.29 34.92 0.025 0.100
6 1104 451.94 59.36 0.045 0.054
7 162 443.22 78.57 0.1 0.043
8 213.6 428.28 104.8 0.28 0.097
9 258 382.22 96.03 0.45 0.115
10 220.8 343.62 78.57 0.519 0.144
11 295.2 336.15 89.05 0.4 0.111
12 368.4 290.09 113.5 0.25 0.09
13 442.8 252.74 148.4 0.48 0.054
14 421.2 217.88 131 0.3 0.050
15 406.8 244.02 109.1 0.25 0.079
16 368.4 282.62 97.77 0.1 0.126
17 327.6 367.28 92.53 0.035 0.147
18 339.6 428.28 131 0.045 0.115
19 361.2 520.41 150.2 0.08 0.101
20 420 573.95 157.14 0.12 0.097
21 405.6 559.01 131 0.025 0.159
22 421.2 555.27 104.8 0.015 0.148
23 375.6 539.09 101.3 0.012 0.108
24 370.8 520.41 91.7 0.01 0.288
70
60
5 50
= 40
2 30
£ 20
10
0
1 3 5 7 9 11 13 1517 19 21 23
Time(h)
e \\/ind ENergy essss=Solar Energy

Figure 3. Hourly wind and solar generation.

7. Results and Discussion

Two scenarios have been conducted for the CCHP system under study. The first

scenario is conducted without applying demand control, while the second one is conducted
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with application of demand response to emphasise the impact of the shifting demand side
response program on the optimal operation of the proposed CCHP system.

7.1. Scenario 1

Figures 4—-6 depict the optimal planning of the electric generators and exchange in
electric energy with the SB and the main system. It is observed from Figure 4 that the
MT is operated during the whole scheduling time to supply both electric and heat loads.
Additionally, the FC operates 24 h as well to supply the electric loads, where it is operated
at hours 1 to 5 with less than maximum power because the EEOMP has low values at these
hours and the CCHP system purchases the highest possible energy from the upstream
system to supply the electric and heat loads through the EH and EC. Whereas, at these
hours, the CCHP system exports the largest possible heat energy to the upstream system
because the HEOMP has the highest values during the scheduling horizon, as shown in
Figure 7. The DE operated for much fewer hours than the MT and FC due to its high
operating cost. Nevertheless, the DE is committed when the electric, heating, and cooling
loads have high value because the electric power is required to supply the heating and
cooling loads through the EH and EC. Despite the high operating cost of the DE, it is
operated at hour 24 to meet the high electricity and heat demands. And thermal loads are
supplied through the EH and EC because the SB is unable at this hour to respond to the
constraint that the state of charge of the SB should be at maximum value at the end of the
scheduling day. In addition, the solar energy equals zero as shown in Figures 3 and 5. The
SB is discharged when the EEOMP has peak values, where the SB supplied the highest
possible energy at hour 13 when the price has the highest value and the electric load has
a high value as well (as shown in Figure 5). Additionally, the SB is charged the highest
possible energy at hours 12 and 18, where at hour 12, the price has a lower value than hour
13 and renewable energies are abundant. Therefore, the SB is charged at 12 and discharged
at hour 13 to increase the system revenue, while at hour 18 the SB is charged again because
the EEOMP has quite a low value and to meet the limit to charge the SB until maximum.
The CCHP system exports the highest electric energy to the main system at hours 9 and 10
because the EEOMP has the highest values during these hours and the electric load has
low values with abundant wind and solar energies, as shown in Figures 2 and 6. This is to
minimize the expense and increase the revenue of the CCHP system.

N B
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o o

Electric Power(kW)

Time(h)

Figure 4. Optimal schedule of the electric system.
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Figure 6. Optimal exchange in energy with the main system.
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Figure 7. Optimal schedule of the heating system.

Figures 7-9 depict the hourly optimal planning of the thermal system. It is noticed
from Figure 6 that the MT provides heat during the entire day to supply other heat energy
sources for the heat load. In addition, the GB boiler is operated during the whole time as
well to provide the heat load during the day. The EH is committed to fewer hours compared
to the GB. This is due to the dependence of the heat energy of the EH on the electric system,
where the electric energy price at uncommitted hours of the EH has the highest values
and the electric load is high. The HS supplies heat energy during hours 1 and 2 when the
HEOMP has the highest values to minimize the total expense. The HS is charged when the
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price has the lowest value as depicted in Figure 8. Figure 9 demonstrates that the CCHP
system provides the highest possible heat energy to the main system at hours 1 to 5, 16, and
17 to reduce the total cost and increase the revenue. This is because the HEOMP arrives
at high values at these hours. Similarly, the CCHP system purchases high heat energy at
hours 19, 20, 23, and 24 because the heat load has the highest values at these hours.
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Figure 8. Optimal operation of the HS.
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Figure 9. Optimal exchange of heat with the utility grid.

Figure 10 shows the output of cooling energy of the EC and AC. It can be seen that the
AC is uncommitted at hours 1 to 11 because the AC needs heat energy to operate, where
the heat load at these hours is quite high and the HEOMP shows peak values at these
hours. Therefore, the EC supplies the load at these hours because the electric load has low
values at these hours and renewable energy generation is abundant. However, the EC is
uncommitted at hours 13 and 14. This is due to high electric load and high EEOMP at these
hours. In the cooling system, it is obvious that the generators of cooling energy depend on
the electric and heating systems.

Figure 11 depicts the hourly costs of electric, heating, and cooling systems, in addition
to emissions and the total cost. It is revealed that the electric cost has the highest cost
among other costs because the electric system supplies electric load, heating, and cooling
loads through interfacing generators, and emission cost belongs to the electric generators.
Further, the peak values of the expense of the electric cost are at hours 18, 19, and 20
because the electric, thermal, and cooling loads reach the highest values, and the renewable
energy is unabundant, while the electric system cost has negative values at hours 9, 10, and
11. These negative values mean revenue for the system from selling power to the utility
grid. The peak expense of the heating system is at hours 21 and 22 because the heating



Appl. Sci. 2025, 15,1407

18 of 24

load reaches peak values at these hours. It is also obvious that the expense of the heating
system has negative values for more hours than the electric system. This is due to the
selling of heat energy to the utility grid and the cooling system. The cost of the cooling
system has positive values only during the scheduling day because the cooling system
purchases power from the electric and heating systems to supply its load. The emission
expense reaches the highest value at hour 13 because the MT, FC, and DE generate the
highest energy at this hour. Furthermore, the total cost follows the pattern of the electric
system cost because it has the highest cost and includes emission cost as well.
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Figure 10. Optimal schedule of the cooling system.

60 ',

40 \

20 \_-\ I \'., .:,.
0 = - =
20 3 ) 7}9\1,{ 13 1§1} 19 21 23

Cost(€)

-80 *

-100

Time(h)
@ e» e» E5.Cost es o Hs.Cost Cs. Cost
emmmm Em.Cost e Total Cost

Figure 11. Hourly cost of electricity, heating, cooling, emissions, and total cost.

7.2. Scenario 2

In this scenario, managing both the generation and the demand side is conducted by
considering the DR program, which is integrated with a problem as decision variables. In
this scenario, the impact of the DR program on the optimal planning of electric, heating,
and cooling systems is investigated. The DR of electric loads affects the optimal planning
of the heating and cooling system because the electric system supplies the heating and
cooling systems with electric energy to fuel some of the heating and cooling generators.

Figure 12 shows the impact of the DR on the electric load. This figure shows that the
peak hour load is shaved and shifted to off-peak hours.
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Figure 12. Electric load with DR.

Figures 13-15 depict the optimal schedule of the electric energy generators, SB, and
exchange of electric energy with the utility grid. It can be seen from Figure 13 that the
commitment of the MT, FC, and DE is the same as in scenario 1. However, the generation
of the MT and the FC at hours 1 to 7 is higher in this scenario compared to scenario 1
because at these hours the shifted load is recovered; therefore, the generators increase their
generation to meet the recovered load. In addition, the EH supplies less electric power at
these hours and the HS compensates for this energy as shown in Figures 16 and 17. It also
reveals that the EH receives more electric energy at hours 19 to 24 because the electric load
is cut and shifted to off-peak hours; therefore, the electric system supplies more energy to
the heating system at these hours.
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Figure 13. Optimal schedule of the electric system with DR.
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Figure 14. Optimal operation of the SB with DR.
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Figure 15. Optimal exchange of electric energy with the utility grid with DR.
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Figure 16. Optimal schedule of the heating system with DR.
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Figure 17. Optimal operation of the HS with DR.

It can be observed from Figure 15 compared to Figure 6 that the system exports higher
electric energy to the main system at hour 13 and sells energy at hour 14 in this scenario,
while in scenario 1 it purchases energy from the main grid at this hour. This is because the
electric load reaches peak values and the EEOMP has high values; therefore, the load is cut
and shifted from these hours to low peak hours, and the CCHP system sells higher power
to the main system to reduce the expense and increase the revenue. The SB has the same
optimal operation as in scenario 1 with a small change in the charging and discharging
energy. The optimal schedule of the cooling system is exactly the same as scenario 1 because
this system depends on the electric and heat systems.

By comparing Figures 8 and 17, it can be observed that the HS is discharged at hours 3
to 5 in this scenario, while it is uncommitted in scenario 1. This is because in this scenario
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the electric load is recovered; therefore, less electric energy is supplied to the heating system.
Figure 18 demonstrates that the CCHP system exports less heat energy to the main heat
grid because the electric load is recovered at a high heat load.
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Figure 18. Optimal exchange of heat with the utility grid using DR.

The CCHP systems spend EUR 376.2 when considering the DR technique, whereas
they spend EUR 430.1 without considering the DR program during the scheduling day. It is
clear that applying the DR program reduces the total operating and environmental damage
cost by 12.5% of the total cost. The DR reduces the peak loads, which improves the load
factor and the security of the supply and spinning reserve.

8. Conclusions

This paper presents a combined objective to minimize the total expense of operation
and emission levels of the CCHP system, where the emission is converted to monetary form
and the problem can be solved directly in one step. The problem is formulated as UCIMIQP,
where the energy exchanges between the electric, heating, and cooling systems and the
energy is converted from one form to another through the systems” energy generators.
The cooling system is considered a side system and the energy interaction is overlooked,
where this limitation will be considered clearly in future research. This interaction leads
to a reduction in the total cost. The UC strategy is applied to the electric, heating, and
cooling systems simultaneously, where the UC is improved to respond to the operation
of the electric, heating, and cooling systems in one entire approach. The UC takes into
consideration the interaction between systems. Additionally, the DR technique as peak
clipping and shifting is considered and integrated with the optimization problem as a
decision variable. The approach is applied to the CCHP system to verify the applicability
and effectiveness of the proposed model.

The simulation results reveal that exchanging energy between different systems and
converting it from one form to another reduces the total operation and emission costs.
In addition, the operations of the SB and the HS are controlled to minimize the total
cost for both scenarios. Furthermore. The DR program considerably reduces the total
expense of operating and environmental damage to the system and reduces the peak load.
Additionally, applying the DR program changes the electric and heat generator schedules
due to the interaction of these systems.
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