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Abstract 

The argument of power system planning in home microgrids has become one of the burning topics in the 

optimization studies today among the researchers. Since the installation and use of high-capacity energy 

sources in power systems have many limitations and constraints, part of the perspective of power system 

studies tends to operate the residential micro-grids. For this purpose, in this work, operation planning is 

based on a residential micro-grid consisting of combined heat and power (CHP), heat storage tank, and 

boiler, and when possible, surplus electricity is sold to the upstream network to generate revenue. One of the 

innovations of this work is the use of exergy function to complete the optimization, and in practice, combine 

energy with economics. Other objective functions of this work are to discuss the reduction in CO2 in the air 

and the cost of operation. Energy management and planning in this home micro-grid is tested with different 

capacities and types of CHPs so that the home operator can choose the best mode to use. The multi-stage 

decision based dynamic programing (MSD-DP) optimization approach is used to minimize the operation 

costs of the proposed framework. The most important innovation of this work is the use of exergy function 

for energy management in a residential complex, where CHP can also be used to generate electricity and heat 

simultaneously. Therefore, determining the capacity of CHP and the possibility of exchanging electricity 

with the upstream network can be mentioned as other innovations of this research work. 

Keywords: Reconfiguration, Planning, Residential Microgrid, Optimization.     

1. Introduction 

Network reconfiguration is one of the most 

important techniques used to achieve the goals of 

network operation including planning, design, 

service recovery, etc. but by its very nature, it is 

an inherently difficult issue to optimize. The main 

purpose of optimization and the use of its 

techniques are to minimize the cost functions [1]. 

In the case of reconfiguration per m circuit 

breaker, 2m solution must be considered, resulting 

in a large calculation volume and storage [2, 3]. 

The problem of real-time network reconfiguration 

is very difficult since the number of possible 

solutions is very large, and on the other hand, the 

problem of reconfiguration is a matter of 

mathematical hybrid optimization. In addition, the 

issue depends on the past state of each link. Since 

there are many problems in nature that have a 

discrete compositional property similar to this 

problem, special optimization methods have been 

proposed and developed to solve it but the fact 

that these methods have been able to solve the 

problem comprehensively is debatable [4]. In 

practice, it has been observed that rarely a 

solution gives a comprehensive optimal answer, 

and in practice, there are other limitations to be 

made-up; however, the undeniable point is that in 

any case, in any network, losses can be reduced 

by rearranging, loading the feeders more 

balanced, and other optimal goals can be 

achieved. Due to the extent and large number of 

feeders and distribution substations and observing 

the radial condition of distribution feeders and 

also other network limitations such as the capacity 

of transformers of the above distribution 

substations, allowable current and maximum 

acceptable voltage drop of each feeder, a higher 

reliability can be achieved. Nevertheless, in this 

work, due to the fact that the electricity network 

has been reconfigured, the problem of energy 

resource planning will be solved in such a home 
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micro-grid including combined heat and power 

(CHP), as shown in figure 1 [5]. 

In general, the purpose of designing and operating 

a micro-grid is to supply the required loads of the 

network. Micro-grids are small-scale and low-

voltage networks, t some of which, using the CHP 

technology, provide heat and electrical loads to 

small areas such as homes, schools, universities, 

and commercial and economic areas [6, 7]. 
 

 
 

Figure 1. A home micro-grid including CHP [5]. 

 

Different loads formed at the distribution voltage 

level are included in the number of active 

distribution networks. The study of economic 

dispatch and operation optimization calculates the 

electrical quantities of the power system in steady 

state for the specific demands and known loads. 

These quantities include bus voltages, active and 

reactive power generated by generators, and active 

and reactive power flowing in transmission lines. 

It is not possible to achieve economic dispatch in 

the system without studying, and therefore, one of 

the most important goals of electricity companies 

is to generate electricity and transfer and 

distribute it among the consumers with a high 

reliability and the lowest operating costs; 

however, from the past until now, the issue of 

economic dispatch has traditionally focused on the 

economic issues of operation. Nowadays, with the 

expansion of power networks and increasing 

system load, combining security constraints with 

the concept of optimal load distribution has 

become an important issue. 

So far, several studies have been conducted in the 

field of energy efficiency in energy systems. 

Research works have also focused on the 

operation planning of CHP units. However, 

several research gaps in this area related to the 

scalability, robustness assessment, and evaluation 

approach have never been discussed. For example, 

the authors in [8] have proposed a mathematical 

model for the cogeneration units to minimize the 

costs on a small scale but they do not pay 

attention to exergy function. In [9], a linear 

programming for the operation of CHP with 

operating constraints has been presented; 

however, the author ignores to take into account 

the power exchange with the upstream network 

and income analysis. In [10], the operation of a 

CHP unit along with a separate thermal 

production unit in a restructured environment has 

been proposed but the main research gap that is 

scalability has not been filled in this paper. In 

[11], the use of CHP along with energy storage 

devices has been considered. Another new 

research field that has been much considered by 

the researchers in recent years is the use of multi-

carrier energy systems; however, this model does 

not include the exergy function and pollution 

analysis in a residential micro-grid. Reference 

[12] provides a method for the simultaneous use 

of CHP, photovoltaic and electrical energy storage 

units but the authors did not pay attention to the 

appropriate renewable energy sizing in a 

residential areas to minimize the total costs. The 

authors in [13] have proposed a model for energy 

resource planning in the presence of distributed 

generation sources and electric vehicles; however, 

the presented model did not included the exergy 

function to improve the system efficiency. The 

authors have also suggested the simultaneous use 

of CHP and solar panels in [14] but the sizing and 

pricing have been ignored in this research work. 

Energy management in the presence of multiple 

energies has also been studied in [15]; however, 

the main challenges of micro-grid such as 

scalability and robustness have not been taken 

into account. 

Given the above explanations, this paper presents 

a framework that includes both the operating costs 

of the boiler, the CHP, and the hydrogen storage 

tank, as well as the exergy and CO2 reduction 

functions. Then considering different types of 

CHP, operating costs, and benefits in a home 

micro-grid will be studied. 

This paper is organized as what follows. In the 

first section, the introduction to reconfiguration 

and the importance of energy management in the 

home micro-grid is discussed. The problem 

formulation is introduced in Section 2, and the 

objective functions will be analyzed. The third 

section describes the constraints on optimization. 

In Section 4, the optimization algorithm based on 

multi-stage decision-based dynamic programming 

will be presented. The simulations and case 

studies will be shown in Section 5, and finally, in 

the Section 6, we will present the conclusions. 

2. Problem Formulation    

As mentioned earlier, micro-power and heat 

generators typically have higher investment costs 

and lower operating costs compared to the 
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conventional systems, which supply electricity 

from the grid and heat through a boiler or gas 

heater. Therefore, in economic evaluations, an 

important indicator is the total annual energy costs 

of the electricity and heat (
TotalCHPC ) shown in 

equation (1). The total electricity and heat micro-

generators costs include micro-power and heat 

initial investment costs, auxiliary boiler and heat 

storage source, equivalent costs related to 

unforeseen expected electrical and thermal 

energy, operating costs, the cost of purchasing 

electricity from the grid, the benefits of selling 

electricity to the grid, and the cost of maintaining 

the system, which form only the first objective 

functions of the proposed model that must be 

minimized. 

1

 

( ) (

 (       

 -  )         

InvCHPTotalCHP

InvTankInvBoiler RunCHP

SellUtilityRunBoiler Ele MT

F Min C Min C

CC C

C C C C

  

  



 (1) 

where 
TotalCHPC

 is the total annual energy costs of 

electricity and heat ($), 
InvCHP

C  is the investment 

cost of electricity and heat generator ($), 
InvBoiler

C  

is the boiler investment cost ($),
InvTankC

 is the 

heat storage tank investment cost ($), 
RunCHP

C  is 

the electricity and heat micro-generator operating 

cost ($),  
RunBoiler

C  is the boiler operating cost ($),

 
Ele

C  is the cost of purchasing electricity from 

the network ($),
SellUtility

C  is the economic benefits 

of selling electricity to the grid ($), and 
 MT

C  

represents the cost of repair and maintenance of 

micro-generators of electricity and heat and 

auxiliary boilers [16]. 

The exergetic objective function is considered as 

the second objective function in this modeling, 

which is to minimize the total initial exergy input 

to the system. This equation is expressed by (2). 

2 ( ) ( )In Utility GasF Min EX EX EX  
 

(2) 

where 
InEX  is the total initial exergy entering the 

system, 
UtilityEX

is the amount of electrical exergy 

purchased from the grid, and 
GasEX

 is the total 

amount of natural gas exiting in the input to the 

micro-generator of electricity and heat and the 

boiler [17].  

The third part of the objective function is related 

to carbon emissions and its reduction. As one of 

the motivations for promoting the construction of 

micro-electric power plants and heat, excellent 

environmental performance, along with economic 

attractiveness, CO2 reduction is always expected 

[18]. Usually, various papers use local or global 

effects of carbon emissions to evaluate the 

environmental effects of electrical and thermal 

effects. In this work, since the goal is to determine 

the optimal capacity and strategy of optimal 

system performance and to promote its use for the 

household consumers, the amount of local CO2 

emissions has been used to assess the 

environmental effects of electricity and heat 

micro-generator, as represented in equation (3). 
 

3 ,

, ,

 (

       )

CHP ele

Boiler

Utility

d h

d h

CHP CHP Boiler

d h d h

F Min GE P CI

P CI H CI

   

  


 (3) 

where 
CHPGE  is the micro-source carbon emission 

rate of electricity and heat (kg), ,

Utiility

d hP
 is the 

electric power purchased from the electricity 

network in the desired day and time (kWh), ,

CHP

d hP
 

is the electricity generated by of electricity and 

heat micro-generator in the desired day and time 

(kWh), ,

Boiler

d hH
 is the heat produced by the boiler 

in the desired day and time (kWh), 
eleCI is the 

grid carbon intensity (grid carbon emission rate 

(kg/kwh), 
CHPCI  is the carbon emission rate of the 

electricity and heat micro-generator (kg/kwh), and 
BoilerCI  represents the carbon emission rate of the 

boiler (kg/kwh). 

 

3. Constraints  

The annual investment cost of a micro- generator, 

auxiliary boiler, and heat storage source are 

described in equations (4) to (6). The investment 

cost of the system is calculated based on the 

annual investment cost. Since the investment cost 

is related to the entire life of the system and this 

model analyzes the energy costs in a sample year, 

the initial investment cost, which is related to the 

entire period of operation of the system, should be 

converted to an annual fixed cost statement. 

ˆRatCHPInvCHP CHP kCpC Cc    (4) 

ˆRatBoilerInvBoiler Boiler kCpC Cc  

 

(5) 
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ˆRatTankInvTank Tank Cp kC Cc  

 
1

1 ( )

(1 )

ˆ ( )
I

BoilerTI

k






 

(6) 

 

where 
RatCHP

Cp  is the nominal capacity of micro-

electric power and heat (kW), 
RatBoiler

Cp  is the 

nominal capacity of auxiliary boiler (kW), 
RatTank

Cp   is the nominal capacity of heat storage 

source (kW), 
CHP

Cc  is the electricity and heat 

micro-production investment cost ratio ($/kWe),
Boiler

Cc  is the boiler investment cost ratio 

($/kWt), 
Tank

Cc  is the Heat storage source 

investment cost factor ($/m3), and I  is the interest 

rate (percentage) and operating period (year) [19-

21]. 

The annual operating costs of the micro-electric 

power and heat and auxiliary boiler are also 

expressed in equations (7) and (8), respectively. 

The operating cost is calculated as the sum of 

costs related to fuel consumption for each period 

of operation of the micro-generator of electricity 

and heat or boiler multiplied by the price of fuel. 

The annual maintenance costs are also calculated 

as the total electricity generated by the system or 

the total thermal energy multiplied by a single 

cost factor. The cost of repairing the system is 

stated in equation (9). 

,

,
( ))(

Gas

CHP d hRunCHP

d h

d h

PC
HR




 


  (7) 

,

,
( ))(

Gas

Boiler d hRunBoiler

d h

d h
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HR




 




 

(8) 

,

,

,
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)

CHP RunCHP
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MT Boiler RunBoiler
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d h
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d h
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 
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(9) 

where d represents the days of a year, h is the 

hours of a day, ,

Gas

d h
 represents the consumption 

gas price ($/m3), 
RunCHP

cf  represents the annual 

maintenance cost of electricity and heat micro-

source (($/kWh), 
RunBoiler

cf  represents the boiler 

annual maintenance cost coefficient ($/kWh), 
RunTank

cf  represents the annual maintenance cost 

of heat storage source ($/kWh), ,

CHP

d hP
 represents 

the electricity generated by micro-source of 

electricity and heat in the desired day and hour 

(kWh), ,

Boiler

d hH
 represents the heat produced by 

the boiler in the desired day and time (kWh), 

,

Sto

d hH
 represents the heat stored in the storage 

source (kWh), and HR  represents the 

temperature ratio (kWh/m3). The boiler efficiency 

and electrical efficiency of micro-electric power 

and heat are   and  , respectively [22].  

The cost of purchasing electricity from the grid is 

calculated by multiplying the amount of electricity 

purchased from the grid by the purchase price of 

electricity plus the monthly base cost. However, 

as we know, the purchase price of electricity from 

the network in different seasons of the year as 

well as different hours of the day and night is 

different, and is calculated with different tariffs. 

In the discussion of electricity consumption, there 

are three terms: peak load, medium load, and low 

load. The peak time refers to the hours when the 

most electricity consumption occurs in the 

country's electricity network, and at this time, 

most household consumers are using electricity. 

Intermediate means a normal state, which is 

neither high nor very low power consumption 

during this period. Low load is also the time when 

the least use of electrical energy is made; these 

clocks are different for the first half and the 

second half of the year. Table 1 shows these time 

intervals. Table 2 shows the consumption tariffs 

during low-load, mid-load and peak load hours. 

Finally, the cost of purchasing electricity from the 

grid is obtained by considering the consumption 

time tariff from equation (10). 

, ,( )Utiility ele eleEle
d h d h

m
d h m

E BC    
 

(10) 

 

Table 1. Light load, mid-load, and peak load hours 
 

Months Light load mid-load Peak load 

From March to 

August 
23 to 7 7 to 19 19 to 23 

From September 

to February 
22 to 6 6 to 18 18 to 22 

 
Table 2. Electricity tariff for light load, mid-load, and 

peak load hours. 
 

 Light load mid-load Peak load 

Electricity tariff 

($/kWh) 
0.0436 0.0851 0.1992 
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In the above formula, m is the number of months 

in a year, ,

ele

d h
 is the hourly electricity 

consumption tariff ($/kWh), and 
ele

mB
 is the 

monthly base cost ($). The revenue from 

electricity selling to the grid is described in 

equation (11). This amount is obtained by 

multiplying the amount of electricity delivered to 

the network by the selling price of electricity to 

the network. 

,,
)(

SellCHP SellSellUtility

d hd h

d h

PC  
 

(11) 

where ,
SellCHP
d hP  represents the amount of 

electricity generated by the micro-generator of 

electricity and heat that is sold to the grid (kWh), 

,

Sell

d h
represents the hourly price of electricity sold 

to the network ($/kWh), and ,

Utiility

d hE
is the electric 

power purchased from the electricity network in 

the desired day and time (kWh). A balance of 

supply and demand must be struck for heat and 

electricity at any point in time. In this model, the 

energy balance is used to prevent the 

impossibilities. An inequality is usually used to 

indicate the power balance. Equation (17) shows 

this equilibrium. In this equation, it is stated that 

the sum of electricity generated by the micro-

generator of electricity and heat and the amount of 

electricity purchased from the grid or sold to the 

grid and the amount of electricity consumed by 

the resistor at any time equal to the sum of electric 

hourly charges minus the amount of uncharged 

electrical charge. Due to the fact that the exchange 

of electricity with the network is not possible at 

the same time and at any moment either the 

excess electricity is sold to the network or the 

electricity loss is compensated by the network, in 

this regard, two binary variables have been used. 

Since these relationships are non-linear, 

alternative equation (12) to (17) have been used 

for linearization. 

, , ,

,, ,

(  )

)   ((1 )  

CHP u Utility

d h d h d h

SellCHP eleu

d hd h d h

P b EU

Lb PS

  

   
(12) 

,,, ,     
CHP eleUtility SellCHP

d hd hd h d hP LE P 
 

(13) 

, ,0 Utility MaxUtility u

d h d hE E b  

 
(14) 

, , ,

,

(1 ) ( )

(1 )

MaxUtility u Utility Utility

d h d h d h

MaxUtility u

d h

E b E EU

E b

     

   
(15) 

, ,0 (1 )SellCHP MaxSellCHP u

d h d hP P b   

 
(16) 

, , ,

,

( )MaxSellCHP u SellCHP SellCHP

d h d h d h

MaxSellCHP u

d h

P b P PS

P b

    

  
(17) 

In the above equations, ,

ele

d hL
 is the hourly electric 

charge (kWh), ,

u

d hb
 is the binary variable related 

to the purchase of electricity from the grid, 
MaxUtilityE

 is the maximum capacity to supply the 

grid load at the point of connection of the micro-

source and electricity to the grid, and 
MaxSellCHPP

 

represents the maximum capacity to receive 

power at the desired point. 

The thermal equilibrium of equation (18) states 

that the sum of the heat generated by the micro-

structure of electricity and heat, the heat generated 

by the boiler, the heat input to the heat storage 

source, and the heat output from it must be equal 

to the instantaneous heating loads minus the 

unheated heat load. Since the storage source 

cannot be loaded and unloaded at the same time, 

binary variables have been used, which have 

caused the non-linearity of relation (18), and using 

relations (19) to (23), this relation is linearized. 

arg arg
, , , ,

arg arg

, , ,

( )

((1 ) ) ( )

Disch e Disch eCHP Boiler
d h d h d h d h

Disch e Ch e Thermal

d h d h d h

b HOH H

b HI L

   

    
(18) 

arg arg
, , , , ,

Disch e Ch e ThermalCHP Boiler
d h d h d h d h d hH H LH H   

 
(19) 

arg arg arg

, , ,0 (1 )Ch e MaxCh e Disch e

d h d h d hH H b   
 

(20) 

arg arg arg arg

, , ,

arg arg

,

( )MaxCh e DisCh e Ch e Ch e

d h d h d h

MaxCh e DisCh e

d h

H b H HI

H b

    

  (21) 

arg arg arg

, ,0 Disch e MaxDisch e Disch e

d h d hH H b  
 

(22) 

arg arg

,

arg arg

, ,

arg arg

,

(1 )

( )

(1 )

MaxDisch e Disch e

d h

Disch e Disch e

d h d h

MaxDisch e Disch e

d h

H b

H HO

H b

   

 

 
 

(23) 

In the above equations, ,
CHP
d hH is the heat 

generated by the micro-structure of electricity and 
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heat (kWh), ,
Boiler
d hH is the heat produced by the 

boiler in the desired day and time (kWh), 
arg

,

Disch e

d hH
 is the thermal energy discharged from 

the storage tank at the desired day and time 

(kWh), 
arg

,

Ch e

d hH
 is the thermal energy input to the 

heat storage source in the desired day and hour 

(kWh), ,

Thermal

d hL
 is the hourly heat load required for 

space heating and water heating (kWh), and 
arg

,

Disch e

d hb
 is the binary variables related to heat 

dissipation from the storage source. The 

parameters 
argMaxCh eH

 and 
argMaxDisch eH

represent 

the upper limit of loading and discharging heat 

from the heat storage source. The performance 

characteristics of the electricity and heat micro-

source are limited using equations (24) to (26). 

The constraint of equation (24) does not allow the 

micro-source to operate beyond its nominal 

capacity. equation (26) furthermore calculates the 

heat generated by the micro-source.   

,0
RatCHPCHP

d h CpP   
(24) 

, ,0 SellCHP CHP
d h d hP P

 
(25) 

,

,0         

CHP

CHP d h

d h

P
H 


  

 
(26) 

In the above equations,   is the micro-thermal 

efficiency of the generator of electricity and heat, 

and ,  CHP

d hH
represents the heat generated by the 

micro-source (kWh per day and hour). 

4. Optimization Algorithm 

The auto-regressive hybrid micro-grid system 

(HMGS) offers an optimal, reliable, and cost-

effective solution for utilizing localized renewable 

energy resources over an individual DC or AC 

micro-grid. Generally, production, distribution, 

and demand subsystems are joined together to 

form an HMGS that vary greatly depending on the 

availability of renewable resources, desired 

services to provide, and demand subsystem 

parameters. These parameters together have a 

high impact on decision-making, reduction of the 

cost, and to improve the reliability of the system. 

The multi-stage decision-based dynamic 

programing (MSD-DP) optimization approach is 

used to minimize the operation costs of the 

proposed MG. In this method, for each decision 

stage, there are numerous system states 

determining the current cost. Thus the outputs of 

the current stage will be the input states of the 

next stage, as shown in figure 2.  

A set of MSD formulation with the equality and 

non-equality constrains are formulated as below: 

𝑥𝑘+1 = 𝑓𝑘(𝑥𝑘 , 𝑢𝑘)   ; 

𝑥𝑘𝜖𝑋    ;     𝑢𝑘𝜖𝑈    ;     𝑘𝜖{0, 1, … , 𝑁 − 1}
 

(27) 

𝑉𝑁(𝑥𝑁) = min {𝑔𝑁(𝑥𝑁) + ∑ 𝑔𝑘(𝑥𝑘, 𝑢𝑘)

𝑁−1

𝑘=0

}
 

(28) 

 

where k donates the number of time intervals, xk 

is the state vector at stage k, uk represents the 

decision vector at stage k, and f k is the state 

transition functions. gk is the cost function of the 

state and decision variables at stage, k and VN 

show the summation of costs of all N stages. 

 

Stage (k)

Stage (k+1)

Stage (k+2)

1 2
{ , ,..., }k k k k

n
x x x x

State variable 
‘x’

Decision variable ‘u’

1 2
{ , ,..., }k k k k

m
u u u u

1 1 1 1

1 2
{ , ,..., }k k k k

n
x x x x   

2 2 2 2

1 2
{ , ,..., }k k k k

n
x x x x   

1 1 1 1

1 2
{ , ,..., }k k k k

m
u u u u   

2 2 2 2

1 2
{ , ,..., }k k k k

m
u u u u   

 
 

Figure 2, MSD problem tree [23, 24]. 

 

At stage k, the objective function and constraints 

are written in (29) and (30). 

𝑉𝑘(𝑥𝑘) = min{𝑔𝑘(𝑥𝑘, 𝑢𝑘) + 𝑉𝑘−1(𝑥𝑘−1)} (29) 

𝑢𝑚𝑖𝑛
𝑘−1 < 𝑢 

𝑘−1 < 𝑢𝑚𝑎𝑥
𝑘−1  

𝑥𝑚𝑖𝑛
𝑘 < 𝑥 

𝑘 < 𝑥𝑚𝑎𝑥
𝑘  

𝑥𝑘 = 𝑓𝑘−1(𝑥𝑘−1, 𝑢𝑘−1)
 

(30) 

 

where umin
k−1 and umax

k−1  are the decision variable 

possible range, and the state limitations are 

represented by xmin
k  and xmax

k . The MSD problem 

could not be solved by itself, and therefore, the 

DP approach described in [23-24] is used to 

minimize the problem formulations, so that let Xi 

is considered as a state vector including the power 

exchanged of DGs, DR, and upstream network, 

and Ui is an input vector determining the real time 

price for operation. Briefly, the objective 

functions considered to be minimized in (1) to (3) 

is simplified as (31), and  (32). 
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𝑍 = min {∑ 𝑓𝑘(𝑋𝑘 , 𝑈𝑘)

𝑁−1

𝑘=1

+ 𝑓𝑁(𝑋𝑁)} (31) 

subject to: 

Iterative problem solving principle:  

𝑥𝑘+1 = 𝑔𝑘(𝑥𝑘 , 𝑢𝑘) 

equality constraints: ℎ𝑘(𝑥𝑘 , 𝑢𝑘) = 0 

non-equality constraints: 𝑔𝑘(𝑥𝑘, 𝑢𝑘) < 0
 

(32) 

Equation (32) implies the all equality and non-

equality relations written in (4)-(26). 

5. Simulation Results  

In this part of the work, two case studies with 

different types of CHPs are performed. The CHP 

specifications under study and other system inputs 

are given in tables 3 and 4 [25]. 
 

Table 3. Characteristics of micro-CHP ‘‘Ecopower” 

regarding ‘‘Blauer Engel” regulation [25]. 
 

 Ecopower Blauer Engel 

Full-load efficiency 88.9 89 

Half-load efficiency 84.5 87 

CO2 (mg/Nm3) 0.1 300 

NO (mg/Nm3) 8.4 250 

 
Table 4. Characteristics of micro-CHP ‘‘SOLO Stirling 

161” regarding ‘‘Blauer Engel” regulation [25]. 
 

 Ecopower Blauer Engel 
Full-load efficiency 98.5 89 

Half-load efficiency 95.1 87 

CO2 (mg/Nm3) 191 300 

NO (mg/Nm3) 105 250 

5.1. Case study 1   

In this case study, the CHP type I is used. The 

convergence diagram of the objective function is 

shown in figure 3, and shows that the total cost of 

planning and operation increases to about $2.973 

million. figure 4 shows the graph of changes in 

the annual cost of CHP in terms of its production 

capacity. Since the optimization problem is solved 

in a residential micro-grid, estimating about 2000 

kW of heat does not seem too big for these areas. 

Figures 5 and 6 show the graph of production 

capacity and load for market participants in the 

electricity and heating sectors, respectively. It can 

be seen that since these diagrams are drawn with a 

capacity of 0 kW for CHP, all the electrical 

demand is purchased from the upstream network 

and all the thermal power will be provided by the 

boiler. In this case, there is no electricity sale to 

the upstream network, and the revenue generation 

is zero.  

Nonetheless if the electrical capacity of CHP is 

increased to 1000 kW, it is observed that 

according to figure 7, during the hours when the 

price of electricity is cheap, electricity is 

purchased from the upstream grid, and during the 

rest of the hours, CHP is almost at the rated 

capacity and generates power. The thermal power 

diagram shown in figure 8 also shows that CHP 

provides a large share of the power, and the boiler 

will supply the rest of the heat demand. In this 

case, the power sold to the network does not exist 

yet. 

In the third case, we increase the electrical power 

capacity of CHPs to 2,000 kW. According to the 

diagrams shown in figures 9 and 10, the power 

sold to the power grid will be available, and 

profitability will be achieved. At this situation, the 

heat output is generated in such a way that a 

percentage of it can be stored in the tanks of the 

heat tank. Table 5 summarizes the profitability 

and investment costs in different cases. 

As it can be seen in the images shown, the power 

sold to the upstream grid is zero for the quantities 

less than 1000 kW. When the capacity of CHP 

increases, assuming PCHP = 1500 kW, the power 

sold to the upstream network is equal to 945.32 

kW, and in the case of PCHP = 2000 kW, the 

power sold to the upstream network will be equal 

to 3125.95  kW. 
 

 
Figure 3. Convergence diagram of objective function 

when type I CHP is used. 

 
Figure 4. Annual cost of CHP in terms of its production 

capacity when type I CHP is used. 
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Figure 5. Electrical demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟎 𝒌𝑾 when type I CHP is used. 

 

 
 

Figure 6. Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟎 𝒌𝑾 when type I CHP is used. 

 

 
 

Figure 7. Electrical demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟏𝟎𝟎𝟎 𝒌𝑾 when type I CHP is used. 

 

 
 

Figure 8. Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟏𝟎𝟎𝟎 𝒌𝑾 when type I CHP is used. 

 
Figure 9. Electrical demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟐𝟎𝟎𝟎 𝒌𝑾 when type I CHP is used. 

 

 
Figure 10, Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟐𝟎𝟎𝟎 𝒌𝑾 when type I CHP is used 

 
Table 1. Costs and revenue analysis in case study 1. 

 

𝑃𝐶𝐻𝑃 

(kW) 

Total cost 

($) 

Investmen

t cost ($) 

Purchase 

costs ($) 

Revenue 

($) 

0 688241 0 293141 0 

500 1198932 709523 233445 0 

1000 1718217 1012365 145095 0 

1500 2206418 1523625 83417 10227 

2000 2973823 1998532 28344 57725 

 

5.2. Case study 2   

In this case study, CHP type II is used. The 

convergence diagram of the objective function is 

shown in figure 11, and shows that the total cost 

of planning and operation increases to about 

$2.662 million. Figure 12 shows the graph of 

changes in the annual cost of CHP in terms of its 

production capacity. 

Similar to case study 1, figures 13 to 18 represent 

the amount of power generated and consumed 

demand for the electrical and thermal loads in 

proportion to the change in nominal capacity of 

CHP. Since the load profile is assumed to be 

constant in both case studies, the share of power 

supply in this case varies compared to the case 

study 1, which implies the reduced costs. 

Proportionally, the profit from the sale of 

electricity to the upstream network at the 
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capacities more than 1500 kW has increased 

compared to the case study 1, which shows the 

high quality of CHP. Moreover, the amount of 

energy stored in the heat storage tank is increased 

by 4.7%, which indicates a higher efficiency of 

energy management framework presented. 

As observed in the figures represented, the power 

sold to the upstream grid is zero for the quantities 

less than 1000 kW. When the capacity of CHP 

increases, assuming PCHP = 1500 kW, the power 

sold to the upstream network is equal to 1021.56 

kW, and in the case of PCHP = 2000 kW, the 

power sold to the upstream network will be equal 

to 3265.24  kW. 
 

 
 

Figure 11. Convergence diagram of e objective function 

when type II CHP is used. 

 

 
 

Figure 12. Annual cost of CHP in terms of its production 

capacity when type II CHP is used. 

 

 
 

Figure 13. Electrical demand and production capacities 

for 𝑷𝑪𝑯𝑷 = 𝟎 𝒌𝑾 when type II CHP is used. 

 
 

Figure 14. Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟎 𝒌𝑾 when type II CHP is used. 

 

 
 

Figure 15. Electrical demand and production capacities 

for 𝑷𝑪𝑯𝑷 = 𝟏𝟎𝟎𝟎 𝒌𝑾 when type II CHP is used. 

 

 
 

Figure 16. Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟏𝟎𝟎𝟎 𝒌𝑾 when type II CHP is used. 

 

 
 

Figure 17. Electrical demand and production capacities 

for 𝑷𝑪𝑯𝑷 = 𝟐𝟎𝟎𝟎 𝒌𝑾 when type II CHP is used. 
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Figure 18. Thermal demand and production capacities for 

𝑷𝑪𝑯𝑷 = 𝟐𝟎𝟎𝟎 𝒌𝑾 when type I CHP is used. 
 

Table 1. Costs and revenue analysis in case study 2. 
 

𝑃𝐶𝐻𝑃 

(kW) 

Total cost 

($) 

Investmen

t cost ($) 

Purchase 

cost ($) 

Revenue 

($) 

0 549256 0 254326 0 

500 948236 612312 201356 0 

1000 1345625 983126 111302 0 

1500 1958632 1312562 63152 12135 

2000 2662362 1756952 12356 62354 

 

7. Conclusion 

In this work, a complete energy optimization 

framework with exergy function was presented, in 

which the capacity and profitability of a 

residential micro-grid were examined. The 

achievements of this work could be summarized 

as follow: 1) The use of CHP resources along with 

boilers and heat storage tanks provides some of 

the recycled heat, which can help increase the 

efficiency of the power grid; 2) As the capacity of 

the CHP system increases, the investment cost 

also increases, which should be taken into account 

in the economic feasibility studies. However, as 

the capacity of the system increases, so will the 

revenue from the sale of electricity to the 

upstream grid; 3) In this system, the time of use 

(TOU) model is used to check the electricity 

market price. Therefore, in the study of heat and 

electricity demand profiles, it is easy to implement 

load response programs or on-site production by 

increasing the capacity of CHPs; 4) The changes 

in the CHP model do not have much effect on the 

formulation of the problem of operation and cost 

evaluation, and only change the efficiency of CHP 

itself; 5) Increasing the capacity of the system 

from 1500 kW or upper, can be profitable for the 

network operator. 
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