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Abstract – To accommodate the current energy system with the renewable energy source, the 
concept of micro grid (MG) has been developed. Using such systems, different advantage such 
as minimization of power loss, operating cost, and emission can be achieved. In this paper, 
the 24-hour power and heat based MG scheduling is investigated under environmental 
aspects and economic issues as bi-objective modelling in the presence of demand response 
(DR) program for decreasing greenhouse gas emission and system operation cost. The 
investigation of the MG contains energy storage system, boiler and combined heat and power 
(CHP). For solving the problem, first the Pareto optimal solutions have been obtained by the 
weighted-sum technique, then the fuzzy satisfying approach has been used to get optimal 
trade-off result. To confirm the performance of the method, the problem is solved in two-case 
to demonstrate the effects of DR on MG scheduling.  

Keywords – Bi-objective modelling; Demand Response (DR) program; fuzzy satisfying 
approach; weighted sum technique 

Nomenclature 
h Time hour 
i, N CHP number – 
PCHP ,HCHP Electrical and heat generated by CHP MW 
CCHP CHP operation cost $ 
PG Upstream grid power MW 

PCH, PDIS Charge and discharge power of storage system MW 
PrESS Power rate of ESS MW 
PD Electrical demand before DR MW 
PDR Electrical demand after DR MW 
DR Factor of DR % 
ldr Value of the demand transferred  MW 
λ Electrical price $/MW 
υ, χ, φ Emission factors of the CHPs and upstream grid kg/MW 
u Binary variable of storage system – 
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1. INTRODUCTION  

For the purpose of accelerating the green and low-carbon transition and achieving green 
recovery development, the development of clean energy should be strongly supported. 
However, traditional power generation methods such as thermal power generation are widely 
used in most developing areas, which not only causes environmental pollution but also wastes 
resources [1]. With the rise of technologies such as wind power, photovoltaic power, and 
hydrogen fuel cell power in recent years, renewable energy generation has provided new ideas 
for the energy transition [2]. The Microgrids (MGs) are energy systems with controllable 
loads and distributed energy generators (DEGs), which can be operated in stand-alone or grid-
connected modes [3]. Based on uncertainty of energy price in energy markets [4], demand 
response (DR) programs have great influence on the integration of generation sides and 
balance between demand and supply [4], [5].  

Some studies have been conducted on the operation of MGs in recent researches. In Ref. 
[6], the impact of the DR program is investigated on large consumers’ energy procurement. 
In [7] implementation of DR program is investigated on a real MG to optimal power 
scheduling. Reference [8] establishes a hybrid energy storage capacity configuration 
optimization model with economic cost as the objective function. This model is applicable to 
the capacity configuration optimization of hybrid energy storage systems, which can reduce 
the power fluctuation of microgrids and extend the service life of energy storage systems. 
The operation of combined heat and power (CHP) units in a MG is implemented in [9] with 
the reliability and economy indices. In reference [10], a hybrid energy storage system 
consisting of a battery, flywheel, and super-capacitor is established. Reference [11] 
establishes an analytical simulation model of the energy storage system, and optimizes the 
control strategy, considering the system objectives, construction costs, energy storage safety 
and other factors. The optimized model makes the energy storage system more economical 
and environmentally friendly and improves the service life and storage capacity of the energy 
storage battery. Reference [12] maximizes the benefits of energy distribution systems with 
power flow allocation strategy in several renewable energy distribution systems with the 
optimization objectives of installation cost, energy balance, and system losses. References 
[13]–[16] uses a multi-objective genetic algorithm incorporating an NDX crossover operator 
and a differential evolution operator to optimize the number of devices by establishing three 
objective functions: initial investment cost, the ratio of renewable energy curtailment, and the 
load loss ratio. References [14], [15] establishes an integrated charging station of hydrogen 
storage based on the charging station and defines three objective functions: operating cost, 
the purchase of electricity, and hydrogen consumption. References [16]–[20] establishes an 
independent multi-energy hub model consisting of a wind turbine, photovoltaic, CHP unit, 
supplementary heat boiler, and hydrogen storage tank, and proposes three objective functions: 
system economic cost, renewable energy utilization, and energy supply reliability. 

In this paper, optimal planning of a power and heat based in a grid connected mode is 
investigated considering economic and environmental issues. The MG consists of storage 
devices, boiler and CHP units. The electrical and heat energies are stored during low price 
periods using storage devices. To minimize the operating cost and emission of the considered 
case study, a bi-objective model is developed based operating cost and environmental issues. 
To solve the model, the weighted sum (WS) approach is utilized to get the Pareto solution, 
then the fuzzy satisfying approach is used to select the trade-off solution. In addition, the 
time-of-use (TOU) rate of DR program is proposed to decrease total operating cost and 
emission. To demonstrate such programs’ effect, the planning of MG is carried out in with 
and without DR program cases.  
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2. PROBLEM FORMULATION 

In MG modelling, different components are considered including an energy storage system 
and CHP units. Fig. 1 presents the structure of the MG. It worth to remind that the MG is 
connected to the upstream grid [21]–[25]. 
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DRP 

Load 
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Storage system 

 
Fig. 1. MG overview.  

2.1. Objective function 
 
In the proposed multi-objective modelling, the two objective functions which are developed 

to model operation cost is presented by f1 and emission polluting is defined as f2. Eq. (1) 
describes the first objective function. 

 
CHP24
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Eq. (2) presents the emission of the generation units as the objective function. It is obvious 
that Eq. (2) is defined as aggregation of emission of generation units and upstream grid that 
should be minimized [26]–[30]: 
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( ){ }2G G Gυ χ φh h hE P P= + + .                                             (4) 

2.2. Power balance constraint 

The following formula for the power balance constraint can be derived from the principle 
of conservation of energy. Therefore, equation (6) is provided to demand and supply electrical 
balance. 

CHP
G CHP DIS DR CH

,
1

N

h i h h h h
i

P P P P P
=

+ + = +∑                                       (5) 

Note that in Eq. (5), the load is considered after implementing DR. It should be mentioned; 
heat energy balance is considered as well as Eq. (5) in heat generation and heat demand.  

2.3. DR program modelling 

The DR program shifts load from expensive and peak periods to inexpensive and off-peak 
periods. Among different designed programs, TOU-DR program is proposed to decrease 
system cost and emission which is modelled by Eq. (6) [31]–[34]. 

   DR D
h h hP P ldr= +                                                          (6) 

Eq. (7) is utilized which calculates product of initial load demand and participation factor [35]. 
D

h h hldr DR P= ×                                                        (7) 

In the TOU, it is assumed that the summation of shifted load during the period should be zero 
that is model by Eq. (8). In addition, the participation factor of DR is limited by Eq. (9) [36]. 

24

1
0h

h
ldr

=

=∑ ,                                                             (8) 

min max
h h hDR DR DR≤ ≤ .                                                  (9) 

 
The participation of the demand side in DR program in DRmin and DRmax are assumed to        

−30 % and +30 %, respectively. 

2.4. Storage system modelling 

The modelling storage system is given by Eq. (10) and Eq. (11). These equations impose 
charge and discharge limits, respectively [37]:        

CH
ESS0 ( ) [1 ( )] rP t u t P≤ ≤ − × ,                                              (10) 

DIS
ESS0 ( ) ( ) rP t u t P≤ ≤ × .                                                    (11) 
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3. SOLUTION METHOD 

In this paper, total operation cost and emission functions have been considered as main 
objective functions. As said before, the developed bi-objective model is solved using the WS 
method to obtain the Pareto results, and the fuzzy-satisfying method is used to the select best 
trade-off solution [38]. In WS method, all of independent objective functions are turned to a 
single function by assigning proper weights [39], [40]. The objective functions under 
weighted-sum techniques is modelled as follow. 

min[OF] = w1 × F1,pu + w2 × F2,pu,                                                            (12) 

w1 + w2 = 1,                                                           (13) 

where w1 and w2 are weight coefficients and F1,pu and F2,pu are normalized objective,  
computed according to fuzzy-satisfying approach. 

The fuzzy-satisfying technique is utilized to get the best trade-off solution between the 
provided Pareto optimal solutions which is explained in next section. 

3.1. Fuzzy satisfying method 

The Fuzzy satisfying method is used to opt the best trade-off solution out of the provided 
Pareto solutions. In this approach, a fuzzy membership is devoted to each Pareto front solution 
some value between 0 and 1 which is calculated by (14) [41]–[43]. 

min

max min max

, max min
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1

0

k k
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k k

OF OF

OF OF OF OF OFOF
OF OF

OF OF

 ≤


 − ≤ ≤=  −
 ≤



                                     (14) 

Then, the best trade-off solution is opted by the mean of the max-min method. In first step, 
the min value of each per unitized objective functions, in this case F1,pu and F2,pu, is 
determined. In the next and last step, the maximum value of determined min values of (F1,pu, 
F2,pu) is chosen as the best trade-off solution to the problem [44]–[49].  

4. SIMULATION RESULTS 

As it was stated before, the TOU-DR program is applied to decrease the system operating 
cost and emission. To clarify the effect of DR program, two following cases are considered 
in the solving the problem: 

Case 1: MG scheduling without DR program,  
Case 2: MG scheduling with DR program. 
The proposed optimization model is solved using the GAMS optimization software under 

the SBB solver. The information of introduced case study in the previous sections are taken 
from [50]–[59]. The two CHP units are considered in optimization modelling. The load 
demands of the electrical and heat of the system are shown in Fig. 2. The electric and heat 
prices in the system are depicted in Fig. 3. 
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Fig. 2. Heat and power load of the system.  

 
Fig. 3. Heat and electric power prices. 

 
4.1. Simulation Result 

Fig. 4 presents the optimal Pareto solutions for both cases. The Pareto optimal solution is 
generated by 12-iteration. According to max-min decision making method, 0.8615, Solution 
#10, is the highest value between the minimum values of membership function in the first 
case. In this case, $ 4843.9 for system operating cost and 4.0980 kg emission are reported as 
final results. In the with DR case, the highest value of membership function minimums is 
recorded as, 0.872 in Solution #11. According to the described method, it is selected as the 
optimal trade-off solution in this case with system operating cost $ 4708.6 and emission 
4.092 kg. Comparing solution of two cases shows that implementing DR have an 
economically and environmentally effects, whereby 2.8 % of the operation cost and 0.14 % 
of the emission are reduced than Case 1, respectively. 
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Fig. 4. Obtained results of each iteration. 

Fig. 5 depicts electrical load in both cases. Clearly, the DR program shifts demand from 
expensive periods to inexpensive times. Turning to Fig. 2, hours 10–17 are considered as 
expensive periods. Therefore, it was expected that DR program transfers demand from this 
period to hours 19–23 when the power has high price. 

 

Fig. 5. Electrical load without and with DR. 

Fig. 6 shows power output of CHP units. It can be seen that in both cases, generated power 
generated by the CHP 1 in Fig. 6 (a) is 2.5 MWh for hours 3–5 and 13–14. In with DR case, 
during hours 1–3 and 12 and 24, scheduled power of the CHP is increased. Fig. 6(b) shows 
output power of the CHP unit 2. Clearly, there is a slight change in output power of 
CHP-unit 2. 
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(a) 

 
(b) 

Fig. 6. Electrical generated by CHP units: (a) CHP 1 and (b) CHP 2. 
 

Fig. 7 presents the heat output of CHP unit 1 and CHP unit 2, respectively. As it was 
explained, the CHP units heat output is fully relying and dependent to their power output. 
Therefore, the heat output change in the CHP unit is in accordance with the power output of 
these units. 
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(a) 

 
(b) 

Fig. 7. Heat generated by CHP units: (a) CHP 1 and (b) CHP 2. 

5. CONCLUSION 

In this study, the optimal heat and power planning of a MG is carried out under DR program. 
To show the impact of TOU rate of DR program the electricity demand of the system has 
been supplied. In order to minimizing environmental and economic indices, a bi-objective 
function is proposed. The WS method is applied to get Pareto solutions and the fuzzy 
satisfying method utilized to determine best solution. The two case studies are investigated 
to evaluate of proposed MG the with and without TOU-DR program. The best solution 
without implementing DR program (Case 1) to operation cost is equal to $ 4843.9 and 
emission is 4.098 kg. This while, in DR case (Case 2), operation cost has value $ 4708.6 and 
emission is equal to 4.092 kg. In Case 2, electrical demand is modified, due to implementing 
DR program which leads to reduce the operation cost and emission by 2.8 % and 0.14 % than 
Case 1, respectively. 
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