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Abstract- The multi-carrier microgrid (MCMG) is a restricted district comprising convertors and energy storage systems 

(ESSs) that are used to fulfill various energy demands. The structure and optimal operation of these MCMGs with regard to 

fulfilling multi-carrier demands are presented in relation to their rapid spread. In this paper, a two-stage optimum planning and 

design method for an MCMG is presented in the planning horizon. The investment and operation (fuel and maintenance) costs 

are considered concurrently to find the optimal type and size of components over the planning horizon. At the first stage, the 

genetic algorithm (GA) is applied to determine the optimal type and size of components, such as combined heat and power 

(CHP), boiler, transformer, and solar panels. At the second stage, the mixed-integer nonlinear programming (MINLP) 

technique is used and simulated by the GAMS software to solve the operational problem with regard to the forecasted energy 

demands. This method is examined on a typical MCMG and the effectiveness of the proposed method is proven. 

Keywords Cooperative operation; Demand response (DR); Genetic algorithm (GA); Multi-carrier microgrid (MCMG); 

Planning. 

 

1. Introduction 

Nowadays, various energy carriers—for example, 

carriers of electricity, natural gas, and heat—are supplied by 

autonomous infrastructure. Simultaneous integration and 

analysis of the infrastructure is indispensable due to the 

wide-ranging utilization of small-scale energy resources 

(SSERs), especially natural gas-fired generations, such as 

combined heat and power (CHP) [1,2] and combined 

cooling, heating, and power (CCHP) [3, 4].  

So far, only rare studies have paid attention to the 

integrated energy system, which includes multi-carrier 

microgrids (MCMGs), hybrid energy hubs (EHs), and EHs 

[5], instead of focusing on a single carrier. Microgrids (MGs) 

include several energy carriers that are known as small-scale 

energy zones (SSEZs) or MCMGs [6]. The United States 

Department of Energy has defined the MG as a group of 

interconnected loads and distributed energy resources 

(DERs) with clearly defined electrical boundaries that act as 

a single controllable entity with respect to the grid, and that 

can connect or disconnect from the grid to enable it to 

operate in both grid-connected or island modes [7]. The 

simultaneous inspection of carriers and sources in an MCMG 

offers a number of potential advantages, such as increasing 

the flexibility of the energy requirement, the improvement in 

local reliability [8], the synergy effects of different energy 

carriers, low operational costs, power quality enhancement 

and emission [5,10–13]. 

In fact, the key idea of an MCMG is to link different 

energy sources using current energy infrastructures in a 

limited district while the required demand is satisfied. Some 

examples of real facilities that can be modeled as an MCMG 

include the supply of industrial plants (steel work, paper 
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mills), big building complexes (airports, shopping malls, and 

hospitals) and power plants (co- and tri-generation) [14]. 

In previous works, simultaneous operational and 

planning optimization, especially in MCMGs, has been 

rarely reported. The expansion planning of an energy system 

is mainly discussed in the context of optimal size and type 

determination, location, and time of components installation 

over a planning horizon [15], whereas the planning is 

classified into static, quasi-dynamic, and dynamic [16,17]. 

In conventional studies, the expansion planning of 

sources was performed under the influence of a single energy 

carrier. As is known to all, reasonable planning is an 

important premise and a guarantee for the stable and efficient 

operation of MCMGs. So, in order to achieve an optimal 

situation for satisfying the demand, the optimal, 

simultaneous operation and planning of these MCMGs is 

unavoidable, whereas the various energy infrastructures are 

coupled and have interchanges. 

The EH approach is employed and presented in many 

papers [1,15]. In fact, the MCMG as a sample structure of the 

EH with the goal of integrating various energies has been 

studied in a few papers [18–20]. Most of the reported 

literature in this area is focused on operational optimization; 

the focus is not on component selection or their size. The 

discussions mainly pay attention to different operational 

issues in multi-carrier energy (MCE) systems, such as 

economic dispatch [21–23], optimal gas and power flow [23–

25], unit commitment [26,27], and the optimal coupling of 

energy carriers [28,29]. 

A few works have studied the structural issues in MCE 

systems up until now. For instance, the expansion planning 

of an electric and natural gas network on the market 

environment is discussed in [30]. On the other hand, the 

optimal size determination of co- and tri-generations, such as 

CHP and CCHP, as one of the main components of MCE 

systems, is accomplished in [31,32], respectively. Several 

components in MCE systems are considered and sized 

optimally from different objective function (OF) viewpoints, 

such as cost, efficiency, and emission, in literature 

[8,16,31,33,34]. The reliability indices for designing MCE 

systems are investigated and computed in a few papers 

[8,35]. The optimal load supplement in an MCE system 

depends not only on the proper operation of the components 

but also on the design of the system. So, simultaneous 

operation and planning of MCE systems is required [26]. 

CHP and CCHP in a typical MG are sized optimally along 

with the cooperative operation [36–38]. The operation and 

planning of an EH system is carried out simultaneously along 

with the reliability constraints in [15]. Here, the reliability is 

handled within the optimization process and not afterward, 

leading to the possibility of designing a hub with a 

predetermined level of reliability for supplying loads. 

In Ref. [26,39], the operational optimization of an EH 

system along with the optimal sizing of an electrical storage 

system is carried out in nonlinear programming (NLP), 

whereas different elements, such as electrical and thermal 

storage, and convertors, are selected and sized optimally 

inside an EH system in [39]. A developed, entirely linearized 

model of the aforementioned paper is proposed in [40]. The 

fast convergence and a better optimal performance are 

derived in this model, and the optimization problem is solved 

using the GAMS software. The General Algebraic Modeling 

System (GAMS) is a high-level modeling system for 

mathematical programming and optimization. GAMS is 

tailored for complex, large scale modeling applications, and 

allows you to build large maintainable models that can be 

adapted quickly to new situations. Likewise, the optimal 

sizing of a backup storage system is planned along with 

reliability indices in an electrical MG [41]. Embedded 

storage offers advantages, such as the effective usage of 

DERs, volatility mitigation, reduction of harmonic and 

intermittency problems of renewable energy resources, 

voltage and frequency stability, peak load management, 

power quality improvement, better control, and deferment of 

system upgrades [42]. Considering the aforementioned 

research studies, the long-term planning and short-term 

operation of selected components in an MCMG have not 

been reported concurrently, while the various energy 

infrastructures are coupled with the system containing an 

electric and natural gas network. 

Hence, in this paper, a two-stage optimal method is 

proposed. At the first stage, static design optimization is 

performed to obtain the optimal type and capacity of 

components—specifically, mounted energy storage systems 

(ESSs) along with their investment costs, with a genetic 

algorithm (GA) for the planning horizon. At the second 

stage, the operational optimization of selected components is 

carried out to calculate the optimal strategy using the mixed-

integer nonlinear programming (MINLP) algorithm via the 

GAMS software. Chronologically, load curves are utilized 

for electric and heat demands in addition to two typical days 

for two typical months. The typical days for their seasons are 

classified according to weekdays and weekends for two 

different months. 

A two-stage optimum planning and design method for an 

MCMG is presented in the planning horizon. Since the loads 

are classified into responsive and non-responsive, the 

effectiveness of the existing controllable loads in planning 

the proposed MCMG with a novel approach of the demand 

response (DR) program is investigated. 

The main contributions and innovation of this paper are 

briefly summarized as follows: 

1. Modeling the optimal structure of the system 

(selection and optimal sizing of elements such as 

CHP, boiler, transformer, and photovoltaic [PV]), 

along with the operational optimization problem. 

2. Proposing a novel approach of the DR program in 

the planning problem. 

3. A two-stage optimum method to solve the co-

optimization problem. 

2. Problem Description 

The MGs will comprise various energy carriers known 

as MCMGs, as shown in Fig.1 The optimal supply of various 

loads in an MCMG depends not only on the proper operation 
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of the components but also on the structure of these systems. 

Hence, in order to have a significant cost reduction for load 

requirements, the design of different structures in an MCMG, 

along with its operation, needs to be performed. The rest of 

this section is divided into two subsections. The first 

subsection discusses a typical MCMG while the second 

describes the planning problem of these systems, considering 

DR programs. 

2.1. Typical MCMG 

An MCMG is formed of a low- or medium-voltage 

energy network, including electricity, natural gas, and heat. 

In other words, energy conversion is possible through some 

components, such as transformers, heat exchangers, co- and 

tri-generation, and other energy convertors. Besides the 

convertors, DERs like ESSs and renewable energy resources 

(RERs) can satisfy demand and effect a significant reduction 

in energy cost with regard to the time-of-use (TOU) carrier's 

prices. A DR program can provide more flexibility to the 

network for meeting the demand in the given period. In this 

paper, an MCMG with coordination among its components 

to fulfill multiple energy demands for 24 hours is modeled 

for the test case of the MCMG structure. This is depicted in 

Fig.2. 
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    Fig. 1. MCMG structure†. 

 

                                                           

 

† In Fig 1, RL and NRL are the abbreviation for 

responsive and non-responsive loads, respectively. 
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Fig. 2. A test case of the MCMG structure. 

 

2.2. Proposed MCMG Designing 

The optimal type and capacity, location, and time for the 

installation of each component are taken into account for the 

planning problem in case the loads are optimally fulfilled. 

Therefore, in order to search for and assess appropriate sizes 

and types of available components inside an MCMG, as 

shown in Fig.3, it is binding to draw a realistic model and an 

optimal solution method. In this paper, an MCMG in a 

single-bus mode is drawn for the planning problem, for 

which the availability of a transformer, CHP, boiler, and PV 

are considered ideal. In addition, an ESS with a specified 

capacity is embedded inside the proposed MCMG. The main 

goal is to select the best components, whereas the static 

planning is targeted. 

 

Fig. 3. Desired MCMG for structural and operational 

optimizations. 

 

3. Model Outline 

As the transmission lines are considered capable of 

ensuring the maximum flow of energy in this model 

(represented as an MCMG), the selection and commitment of 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  

V.Amir et al., Vol.8, No.1, March, 2018 

 

 

241 

different possible components inside the MCMG and the 

quality of their operation are considered as a single-bus 

system, which is depicted in Fig.3. The MCE system is used 

to model the proposed MCMG. The MCE system, as is 

apparent from its name, is a system that surrounds various 

energies and energy interactions in addition to energy saving 

are conceivable inside it [43]. Fig.4 shows a hybrid EH 

system. The main aim of static planning in this work is to 

choose the best components while the equality and non-

equality constraints are satisfied. The proposed MCMG is in 

the grid-connected mode, as seen in Fig.3. Moreover, 

electricity purchase and sale from or to the upstream network 

is feasible while the surplus heat can be sold to the district 

heat network. 
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Demands
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Demands

Energy 

Transfer 

Port

Storage 1

Input Renewable 

Energy Port

Storage 2

Storage NConvertor N

Convertor  2
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Fig. 4. Simplified figure of analyzed MCMG 

(represented as EH). 

 

The non-responsive and responsive loads for the 

planning horizon are defined below. 
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3.1. EH System Modeling 

The proposed MCMG is modeled as a single-bus system 

and defined as an EH system. The matrix's model of energy 

balancing in input and output hub ports based on installed 

components at given intervals is represented as: 
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The proposed MCMG is connected to the electric and 

natural gas upstream network. Owing to selected and 

installed components for the proposed MCMG, controllable 

or non-controllable loads need to be satisfied over the 

planning horizon. Electricity and heat balance in the 

proposed MCMG are modeled as follows, respectively: 
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The ESS can operate as an uninterrupted energy supply 

system in the MCMG. With regard to the ESSs, it is assumed 

that the initial charge values of the storage systems are equal 

to its last charging cycle. Electricity and heat energy 

exchange (equivalent storage flows) is tackled in Eq. (7) and 

Eq. (8), which are directly related to storage energy 

derivatives, as modeled in Eq. (9) to Eq. (12). 
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3.2. DR program 

In the future, loads will be participating in the energy 

market to help the management system not to fail. This 

means that different system policies enable the system to 

encourage or oblige responsive users to curtail or shift their 

demands to other hours (off-peak intervals) [44]. The DR 

programs are classified into two methods: based on price or 

on encouragement and penalty. In the former, the demand 

changes based on the energy prices in each interval. This 

method is used in the presented paper. Since the energy 

prices in the input port of the MCMG are specified while the 
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load is supplied by different components, it is necessary to 

model the final energy price (FEP) of different carriers in the 

output port of the system. In this case, the FEPs of different 

carriers in the system output are determined based on input 

energy, component efficiency, and operation. The FEPs of 

carriers are modelled in Eq. (13) and Eq. (14), respectively, 

based on Fig.5. 
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Fig. 5. Correlation between the input and output ports of 

carriers and their prices. 

,

1 , ,

( ) ( )

( )
( ) ( ) ( ) ( )

N
i

i i

i i i

P t t

t
L t D t T t M t



 



   




 




 



  


    

(13) 

,

1 , ,

( ) ( )

( )
( ) ( ) ( ) ( )

N
i

i i

i i i

P t t

t
L t D t T t M t



 



   




 




 



  


 

(14) 

Considering the FEP for responsive loads, the elasticity 

matrix that indicates the load change percentage in 

proportion to the percentage of price changes is illustrated in 

Eq. (15) and Eq. )16(. The diagonal elements of the 

mentioned matrix are positive and the others are negative—

that is, with the price increasing in an hour, the responsive 

load would decrease and a share of the demand would be 

shifted to other hours. 
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With regard to the definition of the elasticity matrix, the 

responsive demand is modelled as below: 
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In Eq. (17), 0,D   is the base consumption of carrier  , 

which is changing in proportion to the primary price of 

carrier   at interval 't . The MCMG structure is modelled 

according to the load growth over the planning horizon and 

the selection of appropriate components for the proposed 

system. Owing to energy changes in the output port of the 

MCMG, the newly adjusted consumption of these responsive 

users and inconstant FEPs are calculated as follows: 
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3.3. Objective Function (OF) and Constraints 

The total investment, operational, and maintenance costs 

are selected as the three evaluating criteria that are used as 

the optimal objective to be minimized in Eq. (23). The 

operational and maintenance costs are computed in terms of 

the net present value (NPV). The investment cost and 

operational cost (fuel and maintenance costs) are given in Eq. 

(24) to Eq. (26), respectively. Owing to mounted ESSs and 

its significant role in the proposed MCMG, the chronological 

load curves are used instead of the load duration curves 

(LDCs). The chronological load curves are obtained and 

considered for responsive or non-responsive loads each year 

based on the load-forecasting system. 
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inv oper mainOF C C C    (23) 

 

The OF equation details are as follows: 
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The energy generation model by each component is 

formulated as follows 
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Owing to the capacity of each existing component, the 

energy generation for each convertor needs to be limited 

within the allowable ranges. The equality and non-equality 

constraints, such as the allowable range and initial values of 

the variables, are applied as follows: 
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( , , , ) ( , , , ) ( , , , )h h hM y m d t M y m d t M y m d t   (40) 

( , , , ) ( , , , ) 1chp boy m d t y m d t    (41) 

0 ( , , , ) 1chp y m d t   (42) 

0 ( , , , ) 1bo y m d t   (43) 

 

4. Methodology 

The main goal of the proposed model is to select proper 

appropriate components and theirs sizes by minimizing the 

objective function (OF) in Eq. (23) and the associated 

constraints. Therefore, a two-stage optimal method for 

solving the structural and operational problem is proposed, as 

shown in Fig.6. At the first stage, a genetic algorithm (GA) 

using MATLAB software is used to determine the 

appropriate components and their sizes. At the second stage, 

the operation and maintenance costs are simulated and 

calculated by the GAMS software. The manner of input data 

and the software performance are charted to determine the 

optimal design of the MCMG over the planning horizon. 
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Violation

MATLAB  : Genetic Algorithm (GA)

Fitness Function

Component Selection and its Size 

Investment Cost

Yes

Optimal Design of MCMG

No

Operation Cost Maintenance Cost

GAMS: Optimal Economic Dispatch

Forecasted Electrical & 
Heat  Loads

MCMG Input Data

Parameter of CandiatesForecasted Energy Prices

 

Fig. 6. Procedure of optimal planning in the network. 

 

5. Simulation Results and Discussion 

5.1. Assumptions 

An MCMG is analyzed to illustrate the performance of 

the proposed two-stage method. A set of elements such as 

transformer, CHP, boiler and PV with five candidates are 

available to design MCMG.  

The proposed MC/MG designing model has been 

depicted in Fig3, along with the existing electricity, natural 

gas, and district heat upstream networks. In order to achieve 

the desired MCMG performance, it is necessary to employ 

the optimization process. The problem is to lies in search the 

optimum selection of the candidates to be being placed inside 

the MCMG from a given set of elements to supply electricity 

and heat demands up to the target year (the last year of the 

planning horizon). A set of four elements comprise 

comprising of the transformer, CHP, boiler, and PV, are 

considered, while the energy storage system ESSs with their 

predetermined sizes are embedded within the network. Each 

generating units (elements) have has five different candidates 

which the candidates that are characterized by different 

capacities, efficiencies, investment and installation costs, and 

maintenance cost coefficient co-efficiency, (see Table 1). 

The characteristics of ESSs are stated in Table 2. 

The model structure can contain either one candidate of 

each set, or none. Furthermore, there are no limitations on 

annual investments.  

The planning problem is implementing a five-year 

planning horizon. The investment and operational costs are 

analyzed on an NPV basis. So, all costs are transferred to the 

first year using a discount rate that is assumed to be equal to 

the interest rate (IR) value here. The investment and 

installation cost is assumed to occur in the first year of the 

planning horizon. In addition, it is assumed that the load and 

energy purchase prices will be increased in future years. So, 

the annual load growth and energy price growth rates are 

considered for an operation period of five years (the fifth 

year is the target year), as presented in Table 3. 

 

 

 

Table 1. Technical specification of candidates. 

Element type 
Maximum 

capacity (KW) 

Efficiencies (%) Investment & 

installation cost 

(million $) 

Maintenance 

coefficient 

($/KWh) el. th.   

Transformer 

1 800 92  92 0.825 0.003 

2 900 90  90 1.328 0.0027 

3 1000 89  89 1.660 0.0024 

4 1500 87  87 2.490 0.0022 

5 1800 85  85 2.988 0.002 

CHP 

1 500 40 35 75 0.221 0.015 

2 600 40 44 84 0.272 0.0135 

3 825 50 30 80 0.375 0.0125 

4 1125 40 40 80 0.487 0.0115 

5 1350 35 40 75 0.600 0.01 

Boiler 

1 300  90 90 0.075 0.009 

2 450  87 87 0.1 0.008 

3 600  85 85 0.125 0.005 

4 750  83 83 0.15 0.003 

5 900  80 80 0.175 0.002 

PV 

1 50 90  90 0.0625 0.0017 

2 70 88  88 0.087 0.0015 

3 100 85  85 0.125 0.0014 

4 120 82  82 0.15 0.0012 

5 150 80  80 0.187 0.001 
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Table 2. Properties of energy storage system. 

Storage 

elements 

Charge & 

discharge 

efficiency 

rate (%) 

Capacity 

(KW) 

Convertor rate 

capacity (KWh) 

discharging charging 

Electrical 

storage 
95 92 90 -30 +30 

Thermal 

storage 
95 92 90 -30 +30 

 

Table 3. Economic parameters. 

Annual 

Interest 

Rate (IR)  

(%) 

Annual load 

growth rate  

(%) 

Annual energy 

purchasing price 

growth rate (%) 

15 10 20 

 

The purchase and sale prices of carriers are assumed in 

Fig.6. These are considered similar for each season but are 

increasing in each new year due to the aforementioned 

energy purchasing growth rate. The normalized PV 

generation curves for a 24-hour interval are given in Fig.7. In 

order to simplify and lower the computational burden of PV 

generation, its generation is assumed to be similar for all 

days in a year, though it should not have been like that due to 

different weather conditions, especially in summer and 

winter. 

Each planning year is divided into 12 monthly periods, 

while two typical days (weekdays and weekends) of two 

typical seasons (summer and winter) are used to model the 

electric and heat demand curves are used for each season in 

order to lower the computational burden. 

 

Fig. 6. Energy prices for the first year. 

 

 

Fig. 7. The normalized PV generation curve. 

5.2. Optimal Designing Results 

The simulation results reveal the optimal selection and 

size of components in the networks that are listed in Table 4. 

A graphical display of the MCMG structure is depicted in 

Fig.8 schematically. 

However, the issue is whether components are chosen 

optimally for efficient long-term planning of interdependent 

energy infrastructures. These issues can be observed in Table 

1 and Table 4. 

The result shows the Transformer unit type 1 has been 

selected because of its lower investment cost and higher 

efficiency compared to other units. Owing to higher 

electrical rather than thermal demand, the CHP unit type 3 is 

selected due to its high power-to-heat ratio, whereas no 

boiler is chosen because of the sufficient heat generation by 

the selected CHP. Also, the PV unit type 3 is chosen due to 

the zero energy-generation cost of this unit and sufficient 

capacity in proportion to its appropriate and rational 

efficiency and investment cost. 

 

Fig. 8. MCMG design which is obtained through 

optimization. 

Table 4. Data of selected elements. 

Element 

Maximum 

capacity 

(KW) 

Efficiencies (%) Investment & 

installation cost 

(million $) 

Maintenance 

coefficient 

($/KWh) el. th.   

Transformer 1 800 92  92 0.825 0.003 

CHP 3 825 50 30 80 0.375 0.0125 

Boiler -  - - - - 

PV 3 100 85  85 0.125 0.0014 
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5.3. Operational Optimization Results 

In this section, the economic dispatch problem is 

considered in the proposed network with its chosen elements. 

The result of the operational optimization problem is shown 

in Fig.9 to Fig.15. Electrical and thermal controllable loads 

form a share of the total loads, as observed in Fig.9 and 

Fig.10, respectively. These responsive loads are encouraged 

or forced to shift their demand from the peak intervals to the 

off-peak intervals. The peak period for the electrical load is 

considered from Intervals 15 to 22, whereas the thermal load 

is in Intervals 1–7 and 23–24. 

The base prices and FEPs of electricity and heat for 

responsive loads are acquired and depicted in Fig.11. It is 

observable that the FEPs of electricity and heat for 

responsive loads are higher than its base prices in all 

intervals. 

 

Fig. 9. Electrical responsive load profile under TOU 

policy for the last year of a typical weekday in winter. 

 

Fig. 10. Thermal responsive load profile under TOU 

policy for the last year of a typical weekday in winter. 

 

Fig. 11. Base prices and FEPs of electrical and thermal 

responsive loads for the last year of a typical Friday in 

winter. 

 

The flexibility of the network is increased by inserting 

electrical and thermal storage in the designed MCMG to 

prevent the wastage of energies in such a way that the 

surplus energies resulting from distributed generations (DGs) 

are stored at low prices and injected back into the grid while 

the price is high. Moreover, the ESS provides economic 

benefits and improves the reliability indices for the MG [42]. 

The equivalent storage power flows and state of charge 

(SOC) of the electric and thermal storage systems are 

illustrated in Fig.12 and Fig.13, respectively. 

 

Fig. 12. Equivalent storage electricity flows and SOC of 

electric storage for the last year of a typical Friday in winter. 

 

 

Fig. 13. Equivalent storage heat flows and SOC of 

thermal storage for the last year of a typical Friday in winter. 

 

The electricity and heat balance in the designed MCMG 

are depicted in Fig.14 and Fig.15, respectively. On this 

weekday in the winter of the fifth year, the electricity 

purchase from the grid is equivalent to zero for all intervals 

while the CHP fulfils the major part of the electrical and heat 

demands, and sells surplus energy to the upstream network 

because of profitable energy trading. However, a detailed 

explanation of the results is difficult due to the complexity of 

the problem. 

 

Fig. 14. Electric portion in MCMG. 
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Fig. 15. Heat portion in MCMG. 

 

Finally, the total cost of the MCMG’s 24-hour operation 

for all planned years that are transferred to the first year and 

the investment cost of the selected components that are 

installed in the first year are listed in Table 5. 

6. Conclusion 

In this paper, a two-stage optimization method is used in 

an MCMG planning phase as well as in operation 

scheduling. The static planning phase determines the proper 

type and size of components that it would be better to install 

in the first year for the planning horizon, whereas the 

operational problem decides the optimal scheduling of the 

selected components, including the transformer, CHP, boiler, 

and PV, with the existence of ESSs and responsive loads. 

The total cost is the summation of investment, and the 

operational and maintenance costs that are transferred to the 

first year as the basis of the NPV. The optimization problem 

is modeled as an MINLP problem using the GA of 

MATLAB and the MINLP of the GAMS software as a 

compound solution method. The test case results show that 

the proposed model can help MCMG planners determine the 

most economical components along with the sizes that 

should be purchased and installed in order to meet multiple 

energy demands up to the target year. Current and future 

work is dedicated to model the proposed system with regard 

to the net zero emission (NZE) basis. 

7. Abbreviations and Acronyms 

Variables & parameters 

Po  generated energy (KWh) 

T  transferred energy (KWh) 

P  received energy (KWh) 

E  state of charge (storage energy) (KWh) 

L  non-controllable load (KWh) 

D  controllable load (KWh) 

0D  primary controllable load (KWh) 

M  equivalent storage power flows (storage charge and discharge ramp rate) (KWh) 

RP  renewable generation (KWh) 

C  cost ($) 

Invs  installation and investment cost ($) 

y  year 

m  month 

. t . time (hour) 

c  Candidate No. 

I  binary variable 

El  elasticity 

ee  elasticity element 

K  coefficient 

Co  convertor coupling matrix 

  efficiency 

Greek signs 

  energy purchasing price ($/KWh)  

  energy selling price ($/KWh)  

  dispatch factor (%)  

  final energy price of responsive load ($/KWh)  

Superscripts 

pv  photovoltaic 

bo  boiler 

 combined heat and power 

char  charging power of storage interface 

dischar  discharging power of storage interface 

trans  transformer 

Footnotes 

e  electricity 

Table 5. Total cost with and without considering NPV over the planning horizon. 

 

Installation Cost of Equipment in the first 

year 
Operation Cost 

Total 

Cost 
Transformer1 CHP3 Boiler0 PV3 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

All 

years 

Cost 

(million $) 
0.825 0.375 - 0.125 

0.486 0.633 0.829 1.09 1.44 4.48 

NPV Cost 

(million $) 
0.486 0.55 0.626 0.717 0.822 3.2 4.53 
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g  natural gas 

h  heat 

tot  total 

p  input carrier 

l  output carrier 

  carriers type 

0  initial (base) value 

stb  standby energy losses 

invertor  invertor 

oper  operation 

inv  investment 

main  maintenance 
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