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Abstract:



In this paper, a two-stage optimum planning and design method for a multi-carrier microgrid (MCMG) is presented in the targeted operation period considering energy purchasing and the component’s maintenance costs. An MCMG is most likely owned by a community or small group of public and private sectors comprising loads and distributed energy resources (DERs) with the ability of self-supply to regulate the flows of various energies to local consumers. The operation cost is undoubtedly reduced by selecting the proper components. In the proposed model, the investment and operation and maintenance costs of MCMG are simultaneously carried out in order to choose the right component and its size in the given period. Moreover, in this innovative model, net zero emission (NZE) is regarded as an environmental constraint. The genetic algorithm of MATLAB and the mixed-integer nonlinear programming (MINLP) technique of GAMS (general algebraic modeling system) software are used to solve the optimization problem. Illustrative examples show the efficiency of the proposed model.
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1. Introduction


Currently, various energy infrastructures (for example, electricity, natural gas, and local district heating systems) are operated and designed individually. Most research has thus far focused on the operational or structural optimization of the microgrid (MG) and its infrastructures independently [1]. A few recent publications have, however, shown interest in the operation and planning of multi-carrier energy systems simultaneously, instead of focusing on a single carrier [2,3,4,5,6,7,8].



A microgrid (MG) which includes several energy carriers is called a multi-carrier microgrid (MCMG). The main challenge in the operation of the MCMG is the optimal usage of different energy resources and equipment. In previous studies, the operation and planning of different energy infrastructures, such as electricity, natural gas, heat, etc. were separately studied; this caused a restriction in optimal operation. The higher penetration of small scale energy resources (SSERs) with gas consumption, especially co- and tri-generation, has, however, increased the enthusiasm for the usage of network services among energy carriers [9]. For this purpose, integrated multi-carrier energy systems have been discussed in certain works of scientific literature [10,11]. The concept of the energy hub (EH) system was introduced in order to define the multi carrier-system and examine the various energy-form impact on each other infrastructure as well [10].



Energy hub systems comprise a variety of energy carriers, converters, and storages to meet demands [12]. This model of the system has been investigated from the standpoint of operation [13,14] and planning [15]. In fact, the main idea of MCMG is to couple the different carriers using current energy infrastructures in a limited geographical district while various load requirements are satisfied [16]. Certain examples of real facilities that can be modeled as a MCMG include the supply of industrial plants (steel work, paper mills), big building complexes (airports, shopping malls, and hospitals), and rural and urban districts. The co- and tri-generations, particularly combined heat and power (CHP), plays a substantial role in these multi carrier energy (MCE) systems [17]. The work in [18] proposes three energy dispatch algorithms to minimize the total operational cost of a residential combined heat, cooling and power unit. The results indicated that hybrid dispatch algorithm is the financially state in comparison with thermal or cooling dispatches.



Integrating and coupling different energy carriers and sources in an MCMG has a number of potential advantages over a single carrier microgrid, such as reliability improvement, enhancement of the energy management system’s performance to supply demands, synergy enhancement, and operation cost reduction [15]. In consequence, a comprehensive analysis for the optimal coordination of the various energy systems is indispensable for short-term operations and the long-term planning of energy sources [19]. It is observable that the proper planning of components guarantees an efficient and optimal operation of MCMG [20]. An expansion planning of an energy system would determine the optimal size, location, and time for the installation of equipment over a planning horizon according to its constrains and requirements [16]. This problem of the basis of its planning horizon is classified into static, quasi-dynamic, and dynamic planning [19,21]. It is apparent that a dynamic planning solution can be more optimal and realistic in comparison to static planning.



Traditional sources and component design in an MCE system have often focused on one energy form without taking into account its interactions with other types of energies. In any case, the issue is whether the separated planning of energies and cogenerated components without considering the synergies among various forms of energy in an MCMG would be adequate for the effective optimal planning of interdependent energy infrastructures [22]. Hence, the interactions of multiple carriers are increased by the co-optimization planning of multiple-energy infrastructures.



The long-term planning and short-term operation of equipment are the main concerns in the MCMG. The different operational issues in the MCMG, such as economic dispatch [23,24], optimal power flow [7,13,25], unit commitment [26,27], and the optimal integration of the various energy carriers [8,28], are primarily discussed. These topics are discussed from different point of views as shown below. An efficient control algorithm to integrate, manage and control various sources in a microgrid is precisely modeled [29]. The proposed model forecasted the generation of renewable sources and estimated the state of charges in batteries to invoke the appropriate mode of operation for achieving an economic operation. Furthermore, faster communication topologies have been deployed to achieve a better response time for the control commands at local as well as centralized controllers. The prior researches are focused on AC microgrid operation and planning, whereas DC or hybrid microgrids are not addressed. A probabilistic model for a day-ahead optimal operation of a hybrid microgrid system is presented in order to fulfill the required load demand [30]. The modeling goals in this paper are the minimization of microgrid operation costs as well as maintenance and greenhouse gas emissions costs. Furthermore, the adjustment of uncertain parameters inside the approach is acquired by utilizing the Monte Carlo simulation. In [31], the expansion planning of electric and natural gas transmission systems is proposed in a market-based environment. On the other hand, the optimal sizing of components such as CHP and the combined cooling, heating, and power (CCHP) unit as the primary components of the MCE system inside an MCMG are investigated in [32,33], respectively. The optimal selection and the sizing of components inside an MCE system are regarded from different objective functions such as costs, efficiencies, and costs and benefits. In [34,35] the reliability indices of multi-carrier system planning are considered.



Optimal supplying of loads in an MCE system depends not only on the proper operation of equipment but also on system design. The simultaneous operation and planning of the MCE system is, therefore, required [1,8]. In order to find the optimal size of CHP and CCHP, a united optimization problem of planning and operation strategy is presented in [36,37,38]. Furthermore, operation and planning is carried out simultaneously in an EH system along with reliability constraints [16]. The work in [39] analyzes a framework to determine the optimal design of three interconnected energy hubs under uncertainty of energy price market. The objective of this paper is to evaluate and minimize the total net present value (NPV) cost, including investment, operation, energy interruption and CO2 emission costs. It is shown that the availability of district heating system leads to less cost installation cost because the installation of heat storage, boiler and absorption chiller is avoided.



The increase in global temperature is significantly changing our planet’s climate, resulting in more extreme and unpredictable weather [40]. On the other hand, fossil fuel-based CO2 emissions are a limiting constraint for the usage of fossil fuels on a long term basis [41,42]. Lately, a new definition, net zero emission (NZE), has been introduced to reduce pollution all over the world. The definition of net zero energy and net zero emission buildings (nZEB) are described and distinguished in [43]. The effect of the additional cost of CO2 emissions on the network cost is considered in [44]. The most competitive and least-cost solution for achieving a NZE energy system is through the usage of renewable energy resources (RERs) [45]. In fact, to reach the goal of NZEs, fossil fuel-based energy demand should be mainly replaced by RERs. In [46], the impact of designing the photovoltaic (PV) system on the greenhouse gas (GHG) emission balance in a nZEB is analyzed. Moreover, the assessment and influence of the PV system design on the embodied and avoided emissions are objected in order to minimize the environmental emissions.



The prior work on MG design reveals that the optimal design and planning of a multi-carrier microgrid (MCMG), developed by transformer, CHP, boiler, PV panels, pre-established energy storage systems (ESSs) and elastic loads considering NZE constraint have not been investigated. Therefore, this paper presents a two-stage optimum static planning method for an MCMG including the selection and optimal sizing of the existing components. The investment and installation costs over the planning horizon in addition to the operation costs (maintenance and fuel prices) at a given period are calculated in terms of the net present value (NPV) factor. Furthermore, NZE is regarded as an environmental constraint, and the chronological electrical and heat load curves for each year are distinguished as two typical days and two different months—one day for weekdays and one day for weekends. Since the load is classified into controllable/non-controllable, therefore, the effectiveness of the existing controllable loads in MCMG planning with a novel approach of the demand response (DR) program is investigated. The proposed time-based DR program correlates the final energy price of responsive loads for multiple carriers with energy market price, energy purchase, and on-site generations. The optimization problem is solved by a compound method that combines the genetic algorithm of MATLAB and the mixed-integer nonlinear programming (MINLP) of the GAMS software, which. The main contributions and innovation of this paper are as follows:

	
Modeling the cooperative operation and planning the proposed MCMG in a two-stage model in the presence of responsive loads.



	
Considering the NZE balance as an environmental issue.



	
Using a compound method to solve the co-optimization problem.








The remaining sections of this research are organized as follows: Section 2 introduces the description of the problem; Section 3 and Section 4 presents the mathematical modeling and describes the solution method; the simulation and the numerical results are illustrated and discussed in Section 5; and a brief review of the research is included in Section 6.




2. Problem Description


Microgrids, which comprise various energy carriers, are known as multi-carrier microgrids (MCMGs) as shown in Figure 1. The optimal supply of various loads in an MCMG depends not only on the proper operation of components, but also on the structure of these systems. In order to have a significant cost reduction while demands are satisfied, the MCMG design along with its operation needs, therefore, has to be executed.


Figure 1. Multi-carrier microgrid (MCMG) structure.



[image: Energies 10 02109 g001]






2.1. Sampled MCMG


A multi-carrier microgrid is formed of a low- or medium-voltage electrical network alongside networks of other energy carriers, including natural gas and heat. In this case, energy conversion is possible through energy converters. Besides the converters, the distributed energy resources (DERs), such as energy storage elements and RERs, can satisfy the demand and bring about a significant reduction in the energy cost with regard to time of use (TOU) carrier’s prices. The demand side management program can provide more flexibility to the network for meeting the demand at any given period. In this paper, an MCMG with coordination among its components to fulfill multiple energy demands for 24 h is modeled for the test case of the MCMG structure as depicted in Figure 2.


Figure 2. Sampled MCMG structure.
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2.2. MCMG Design


The expansion-planning problem determines the optimal type and capacity, location and time for the installation of each component in case the loads are optimally satisfied. In order to find and assess the proper size and type of available components inside an MCMG as shown in Figure 3, therefore, it is required to draw a realistic model and an optimal solution. In this paper, an MCMG in a single bus mode is drawn for the planning problem, in which the availability of a transformer, CHP, boiler, and PV are considered ideal. In addition, electrical and thermal storages with specified capacities are located inside the proposed MCMG. The main aim is to select the best components in a static planning.


Figure 3. Desired MCMG for structural and operational optimizations.
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2.3. Net Zero Emission Definition in the MCMG Network


In the coming decades, based on the COP21 (21st Conference of Parties) Paris agreement, certain countries are obliged to reach a NZE system by 2050 [44,47]. Energy production is, by far, the largest source of GHG emissions. This means that fossil-fuel consumption needs to be completely banned in these countries, particularly because growing forests are limited to eliminate a significant chunk of emissions, and carbon capture and storage technology is very expensive to be utilized.



In a NZE system, the emissions associated with the amount of received energy to operate the system (operational emissions) and the energy used to produce the system materials (embodied emissions) are offset by on-site renewable generations (avoided emissions). The main strength of this idea is the weighting system that keeps the NZE balance in the system. The word “net” indicates that the avoided and embodied emissions, which are calculated by multiplying an emission factor of energy export and import to/from the system, have to be balanced over a specific period of time (usually a year) [48]. The only way to reach NZE balance and reduce GHG emissions is to replace fossil fuel-based units by renewable energy counterparts to fulfill the demands of electricity and heat. In this paper, a framework of net emission balance in an MCMG, including the use of system boundaries and weighting systems, is presented in Figure 4.


Figure 4. Schematic drawing of the correlation between MCMG and the energy grids with weighting systems.
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3. Model


In this paper, the MCE system concept is used to model the proposed MCMG as depicted in Figure 3. The MCE system is, as its name implies, a system that encompasses various energies and energy interactions in addition to the energy-saving conceivable within it [12]. Figure 5 shows a hybrid EH system that can represent the MCMG network as an input and output port of the carriers. 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 illustrated grid is connected to the electric and natural gas main grid and the purchasing or selling of electricity from/to the main grid is feasible as well. Moreover, the surplus heat can be sold to the district heat network.


Figure 5. Simplified figure of analyzed MCMG (represented as energy hub).
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The amount of non-responsive and responsive loads for the planning horizon is, respectively, defined as below.


[image: ]



(1)
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(2)




where [image: ] and [image: ] are the summation of all non-responsive/responsive loads in MCMG [image: ] for electrical and thermal consumption at each hour, day, month and year, respectively. To prevent the confusion in case the symbols in parentheses are not described, they are described as [image: ], [image: ], [image: ], and [image: ] years, month, day, and hour.



3.1. Energy Hub Modeling


In this paper, the proposed MCMG inspires the energy-hub system model. The matrix’s model of energy balancing in the input and the output hub ports is based on the mounted components at given intervals, which are described as:


[image: ]



(3)
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(4)







In this paper, [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ] describe transferred energy, converter coupling matrix, renewable generation, storage coupling factor and the differential of state of charge in storages, respectively. [image: ] describes the amount of standby energy losses in energy storages. Owing to the chosen and the installed components for the proposed MCMG, the controllable/non-controllable forecasted loads need to be satisfied over the planning horizon. Electricity and heat balance in the proposed MCMG are, respectively, modeled as follows:
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(5)
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(6)







[image: ], [image: ], [image: ], [image: ] and [image: ] are the electrical transferred energy, generated energy by CHP, transformer, photovoltaic panel, and equivalent storage electrical flows in electrical energy storage. The footnotes [image: ] and [image: ] denote the electrical and thermal type of energies, so that the variables in Equation (6) are the same as the difference of thermal energy types. [image: ] is the amount of heat generated by selected boiler at each hour, day, month, and year. Energy injection or export to/from the storages are formulated in the Equations (7)–(12), in which Equations (7) and (8) describe equivalent storage flows that are directly related to the storage energy derivatives as modeled in Equations (9)–(12).
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(9)
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(10)
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(11)
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(12)




where [image: ] and [image: ] are binary variable for energy charging or discharging mode in electrical and thermal energy storages, respectively. [image: ], [image: ], [image: ] and [image: ] are the parameters of charge or discharge efficiency in electrical and thermal storage system, respectively.




3.2. Demand Side Management (DSM) Model


Responsive loads are enabled users that are encouraged or rarely forced by the DSM policy to curtail or shift their demands, often optionally, to other hours [49]. The DSM program is classified into two policies based on price or encouragement and penalty. In the first case, the demand is changed based on energy prices in each interval; this policy is used in this paper. Since the energy prices in the input port of the MCMG are specified while the load is supplied by different equipment, it is required to model the final energy price (FEP) of different carriers in the output port of the system. In this case, the final energy prices of electric and heat carriers in the system output are determined based on input energy, equipment efficiency, and operation. The final energy prices of electrical and thermal responsive loads are, respectively, modeled in Equations (13) and (14), based on Figure 5.
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(13)
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(14)







[image: ] and [image: ] are the final energy price of electrical and thermal responsive loads, respectively. [image: ] and [image: ] describe the amount of purchased or received energy ([image: ]: energy material) at hour [image: ] and energy purchase price at hour [image: ]. [image: ], [image: ], [image: ], and [image: ] are non-responsive and responsive loads for carrier [image: ] and [image: ] at hour [image: ], respectively. [image: ], [image: ], [image: ], and [image: ] are the transferred energy and equivalent storage power flows for carrier [image: ] and [image: ] at hour [image: ], respectively. The electrical (assumed carrier [image: ]) and thermal (assumed carrier [image: ]) efficiency of CHP are symbolized as [image: ] and [image: ].



Considering the final energy price for the responsive loads, the elasticity matrix that indicates the load-change percentage in proportion to the price-change percentage, is shown in Equations (15) and (16). The diagonal elements of the mentioned matrix are positive and the other elements are negative, i.e., with the price increase in an hour, the responsive load would decrease at the moment and it would shift a share of its demand to the other hours.
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(15)
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(16)




where [image: ] is the elasticity matrix of responsive loads for carrier [image: ]. With regard to the elasticity matrix definition, the responsive load is modeled as shown below:
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(17)







In Equation (17), [image: ] is the initial consumption of carrier [image: ], which is changing in proportion to the primary price of carrier [image: ] at an interval of [image: ]. [image: ] is the base energy price of responsive load at hour [image: ]. The design and structure of the MCMG are modeled according to the load growth over the planning horizon and the selection of the proper components for the proposed system. Owing to energy changes in the output port of the MCMG, the new modified consumption of these responsive customers and the inconstant final energy prices are modeled and obtained as follows:
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(18)
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(19)






[image: ]



(20)
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(21)
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(22)







[image: ], [image: ], [image: ], and [image: ] denote the received and energy purchased price for electrical and natural gas energies at each hour, day, month and year, respectively. [image: ] and [image: ] are binary variables which stands for the selected transformer and CHP in MCMG. [image: ] is dispatch factor which defines the percentage of natural gas consumption by CHP.




3.3. Net Zero Emission Balance Constraint


The NZE of the PV modules ([image: ]) are modeled over the whole lifetime of modules as shown below.


[image: ]



(23)




where [image: ] and [image: ] denote the embodied and avoided NZE of PV modules. Since the PV modules affect the emission balance of the MG, therefore, the NZE balance in a network is modeled over the whole lifetime of microgrid (MG) in Equation (24), where the total embodied emissions of the network ([image: ]) and the operational emissions ([image: ]) are taken into account. The NZE balance is acquired if it is zero or lower. The [image: ] describes how the PV modules effect the emission balance of the network.
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(24)




where [image: ] is avoided NZE of the network.




3.4. Objective Function (OF) and Constraints


According to the planning of the MCMG that has been mentioned in the previous parts, all the equations related to the MCMG are provided as EH system concepts. The objective function is modeled in Equation (25) in order to minimize the investment, operation, and maintenance costs. The operation and the maintenance costs are calculated on the basis of NPV. The investment and the operation (fuel and maintenance) costs are given in Equations (26)–(28), respectively. Owing to the mounted energy storage elements and its significant role in the proposed MCMG, the chronological load curves are utilized.
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(25)







[image: ], [image: ], and [image: ] are the investment, operational and maintenance costs, respectively.



The OF equation details are precisely provided as follows:
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(26)
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(27)
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(28)




where [image: ], [image: ], [image: ], and [image: ] describe the investment cost of CHP, transformer, boiler, and PV module for each candidate ([image: ]). On the other hand, [image: ], [image: ], [image: ], and [image: ] are binary variables for each candidate of elements to be chosen or not. Parameter [image: ] describes the annual interest rate. [image: ], [image: ], [image: ], and [image: ] are the maintenance coefficient for CHP, boiler, transformer, and PV module, respectively. Generation of each selected component is modelled as follows:
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(32)
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The amount of NZE in the proposed MCMG is determined using the emission conversion factors in Equations (34) and (35), respectively, which are considered as constrains in this paper.
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(34)
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(35)







[image: ], [image: ], and [image: ] are emission conversion factors for received electricity, natural gas, and PV generation. Owing to the capacity of each component, the energy flows through each of the converters needs to be limited within allowable ranges. The equality and non-equality constraints, such as the allowable range and initial values of variables, are subjected as follows:
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4. Solution Method


The main goal of the proposed modeling is to determine the appropriate type and size of element while the NZE constraint is met. The flowchart of the optimization method for the MCMG (based on the genetic algorithm of MATLAB and MINLP model of GAMS) is shown in Figure 6; the detailed procedures are described as follows:

	
System initialization: The parameters of the genetic algorithm and elements’ characteristics are read as the first step. Generate initial population: A random set of numbers for each chromosome, which each gene fills randomly (between zero and the population of the element’s candidate), acts as the initial population.



	
Crossover and mutation application: The crossover and mutation operates to initialize and add a new chromosome to the initial population.



	
GAMS optimization software runs to calculate operation, maintenance costs, and NZE: The operation and maintenance cost in addition to the NZE is calculated in a loop until the maximum number of years, months, and days by the user is reached.



	
Fitness function evaluation: After the objective function is obtained, the fitness value of each chromosome is evaluated.



	
Sorting out the initial population: The initial and best population from the lowest to the highest are sequentially sorted. The first one is the most appropriate in the population.



	
Stopping criterion: If the maximum number of iterations is reached, the execution stops. Otherwise, the execution needs to restart from Step 3.







Figure 6. The flow chart of the optimization algorithm for MCMG.
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5. Simulation Results and Discussion


The model presented in this paper has been applied to a farm as an MCMG to illustrate the performance of the proposed method. The proposed MCMG design in the electricity, gas, and district heat grid-connected mode are depicted in Figure 3. The proposed method determines the best operational point of the MCMG and the optimal type and size of its elements with the minimum net present cost when NZE constraint is reached during its life circle. A set of four elements comprising the transformer, the CHP, the boiler, and the PV are considered while the energy storage elements with their predetermined sizes are mounted in the network. Each element has five different candidates, which are classified according to different capacities, efficiencies, investments, installation costs, and the maintenance cost coefficient (see Table 1). The properties of the energy storage elements are stated in Table 2.



Table 1. Technical specification of the candidates.







	
Element

	
Type

	
Maximum Capacity, KW

	
Efficiencies in %

	
Investment & Installation Cost in 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

	
2000

	
85

	
-

	
85

	
2.48

	
0.0014




	
2

	
2300

	
82

	
-

	
82

	
4.852

	
0.0012




	
3

	
2500

	
80

	
-

	
80

	
3.1

	
0.001




	
4

	
2700

	
79

	
-

	
79

	
3.348

	
0.001




	
5

	
3000

	
78

	
-

	
78

	
3.72

	
0.001








CHP: combined heat and power; PV: photovoltaic.








Table 2. Properties of the energy storage elements.







	
Storage Elements

	
Charge & Discharge Efficiency Rate (%)

	
Capacity (KW)

	
Converter Rate Capacity (KWh)




	
Discharging

	
Charging






	
Electrical storage

	
95

	
92

	
90

	
−30

	
+30




	
Thermal storage

	
95

	
92

	
90

	
−30

	
+30










It is important to mention that the model structure can contain either one candidate of each set or none. Furthermore, there are no restrictions to the annual investment. The planning problem is performed for a five-year planning horizon, and the investment and operation costs are analyzed on the basis of the net present value so that all the costs are transferred to the first year using the interest rate (IR) value. The investment and the installation costs are assumed to be incurred during the first year of the planning horizon. In addition, it is assumed that the load and the energy prices will be increased every year; therefore, the annual load growth rate and the energy price growth rate are provided for an operational period of five years as shown in Table 3.



Table 3. Economic parameters.







	
Annual Interest Rate (%)

	
Annual Load Growth Rate (%)

	
Annual Energy Purchasing Price Growth Rate (%)






	
15

	
10

	
20










The conversion factors of electricity, natural gas from the grid, and the PV generation for NZE calculation are equal to 0.40957, 0.20444, and 0.46, respectively. These factors are reported in [50]. The purchase and the sale prices of carriers are assumed in Figure 7, which are considered similar for each season, but they are increasing year by year due to energy price growth rates. The normalized PV generation curve on a summer day is provided in Figure 8. In order to simplify and lower the computational burden of PV generation, its generation is assumed to be similar for all the days in the planning horizon.


Figure 7. Energy prices for the 1st year.
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Figure 8. The normalized PV generation curve on a summer day.
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In this paper, two typical daily-energy curves—one for the working-day and one for the off-day (controllable/non-controllable electricity and heat demands)—in a 24 h interval are considered differently for each season due to the similar behavior of each daily energy consumption in each season. Summer and winter are considered as two typical seasons for 12-month periods. In order to give a hint to the readers and avoid excess figures of energy consumptions, the average amount of electrical and thermal consumption in a farm is given which are almost equal to 400 KWh in the first year. Table 4 demonstrates the optimized elements and characteristics of the MCMG; the display of the MCMG structure is schematically depicted in Figure 9.


Figure 9. Design and Structure of proposed MCMG.
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Table 4. Characteristic of the chosen 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 1

	
300

	

	
90

	
90

	
0.075

	
0.009




	
PV 4

	
2700

	
79

	

	
79

	
3.348

	
0.001










The confusing query here is whether or not the components are chosen optimally for efficient long-term planning. This issue can be simply conveyed and answered by looking back more intently at Table 1 and Table 4. The result shows that the transformer type 1 has been selected because of its lower investment cost and its higher efficiency in comparison to the other units. Owing to higher electrical rather than thermal demand, the CHP type 3 is selected due to its high power-to-heat ratio, whereas the boiler type 1 is chosen because of its low investment cost and high efficiency to fulfill a small share of demands. The PV type 4 is chosen due to the zero-energy generation cost of this unit and the adequate capacity in proportion to its appropriate and rational efficiency, and its investment cost. It needs to be mentioned that these elements are chosen in case the NZE constraint (“NZE must be less or equal zero”) over the planning horizon is met.



The operational optimization results are shown in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. The electrical and thermal controllable loads form a small part of the total load as is observable in Figure 10 and Figure 11, respectively. These responsive loads are encouraged or forced to shift their demand in the peak intervals to off-peak intervals. The peak period for the electrical load is considered between the Intervals 15–22, whereas the thermal load is in the intervals 1–7 and 23–24.


Figure 10. Electrical responsive load profile under the time of use (TOU) policy in a winter working-day for the last year.
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Figure 11. Thermal responsive load profile under the TOU policy in a winter working-day for the last year.



[image: Energies 10 02109 g011]





Figure 12. Base and final energy prices of responsive electric and heat loads in a winter off-day for the last year.
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Figure 13. Equivalent storage electricity flows and the state of charge (SOC) of electrical storage in a winter off-day for the last year.
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Figure 14. Equivalent storage heat flows and the SOC of thermal storage in a winter off-day for the last year.
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Figure 15. Electric portion in the MCMG.
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Figure 16. Heat portion in the MCMG.
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The base and final energy prices of electricity and the heat for responsive loads are obtained and illustrated in Figure 12. It can be observed that the final energy price of electrical responsive load are lower than its base price at some intervals because of RERs generation, which has led to less power purchasing from the upstream grid. This circumstance results in the electricity purchase price increasing at these intervals, despite the fact that the DR program would have decreased consumption. On the other hand, the final energy price of heat for responsive loads is higher than its base prices in all the intervals as a result of not receiving low-price heat.



The energy storage element provides economic benefits, an improvement in reliability indices, and also handles the intermittency of the RERs [46]. The equivalent storage power flows and the state of charge (SOC) of the electric and the heat storages are illustrated in Figure 13 and Figure 14, respectively.



The electrical and the heat load balancing in a structured MCMG are shown in Figure 15 and Figure 16, respectively. In the winter working-day of the 5th year, the electricity purchase from the grid and the boiler generation are equal to zero for all the intervals, while the CHP fulfills most of the electrical and heat demands, and allows the sale of surplus energy to the main grid because of profitable-energy trading. More importantly, a big share of electrical demand is fulfilled by the RERs and the rest of it are stored or sold to the main grid. A detailed explanation of the results is, however, difficult to achieve due to the complexity of the problem.



Finally, the total NPV cost of the MCMG’s operation for all the planned years and the investment cost of the chosen elements that are installed in the first year are listed in Table 5. Moreover, the amount of NZE for each year is calculated in Table 6, which is increasing year by year due to load growth. Furthermore, three scenarios for investigating the impact of the electrical storage element on the total NPV cost and the NZE amounts are carried out, whose result are listed in Table 7. It can be inferred from Table 7 that increasing the capacity of electrical storages and the inverters lead to less total cost, and affect the NZE amount.



Table 5. Total cost with and without considering the net present value over the planning horizon.







	

	
Installation Cost of Equipment in the 1st Year

	
Operation Cost

	
Total Cost




	
Transformer1

	
CHP3

	
Boiler1

	
PV4

	
Year 1

	
Year 2

	
Year 3

	
Year 4

	
Year 5

	
All Years






	
Cost (million $)

	
0.825

	
0.375

	
0.075

	
3.348

	
−0.1384

	
−0.1455

	
−0.0636

	
0.021

	
0.157

	
−0.1383

	




	
NPV Cost (million $)

	
−0.1384

	
−0.099

	
−0.0481

	
0.0138

	
0.089

	
−0.1824

	
4.441










Table 6. Annual net zero emission.







	
Net Zero Emission (Million kg CO2 eq/Year)






	
Year 1

	
Year 2

	
Year 3

	
Year 4

	
Year 5

	
All Years




	
−0.277

	
−0.21

	
−0.122

	
−0.049

	
0.035

	
−0.632










Table 7. Comparison of the total NPV cost and NZE for different scenarios.







	

	
Electrical Storage Capacity (KW)

	
Electrical Inverter Rate Capacity (KWh)

	
Total Cost (Million $)

	
Total NZE (Million kg CO2 eq/Year)




	
Discharging

	
Charging






	
Main case

	
90

	
−30

	
+30

	
4.441

	
−0.632




	
Scenario 1

	
50

	
−20

	
+20

	
4.479

	
−0.6344




	
Scenario 2

	
150

	
−50

	
+50

	
4.437

	
−0.589




	
Scenario 3

	
300

	
−100

	
+100

	
4.434

	
−0.5549











6. Conclusions


This paper proposed a long-term multi-carrier microgrid expansion planning model in the electricity, natural gas, and district heat grid-connected mode by considering the net zero emission constraints over the planning horizon. The appropriate type and size of elements that are to be installed in the 1st year of the planning horizon are planned and designed, whereas the optimal dispatching of the chosen elements includes the transformer, CHP, boiler, and PV with the existence of energy storage systems and responsive loads that are operated. The objective is to evaluate and minimize the total NPV cost, including investment, operation, and maintenance while the NZE constraint is satisfied. To solve the problem, a compound solution method using the genetic algorithm of MATLAB and the MINLP of the GAMS software are employed. The proposed model is tested on a single-bus MCMG and the numerical results demonstrate the use and the potential application of the model.



Current and future work is dedicated to model the proposed system with regard to the uncertainties of renewable energy resources, loads, and energy tariffs to gain more accurate optimal results. Adding a wind turbine to the system can help in attaining better economic and environmental performance (i.e., lower pollution). Meanwhile, the reliability of MCMG can also be the subject of important research.
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