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Abstract

Examples of multi-objective optimization models for polygeneration systems are scarce in literature, especially for those cases where the energy demand of a district is covered by one or more power plants with District Heating and Cooling networks (DHC). These multi-objective problems can be reduced to a single-objective problem, either by setting the rest of objectives as constraints or by reducing the design space. It is generally known that the optimization of a non-linear problem is highly dependent of the choice of the initial points, and thus, this is also the case of the multi-objective optimization and the Pareto front obtained. The present paper proposes a methodology to generate initial points for the multi-objective optimization of a non-linear model for polygeneration systems, based on the results obtained from the multi-objective optimization of a linear model. The Normalized Normal Constraint method (NNC) is used to generate the Pareto frontier. The models could be used in the first stages of a project, to propose an optimal configuration of the polygeneration plant and the DHC.
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1. Introduction

Polygeneration systems are those that cover the energy demand of the users by means of several types of sources, involving a wide range of technologies with several possible configurations. Polygeneration systems can be defined as those units for energy conversion that can be placed close to the energy consumer, substituting large units by smaller ones [1], presenting a higher energy conversion than the conventional systems. The energy produced can be distributed to the users by means of DHC networks. Few optimization models are available in the literature, to consider simultaneously the polygeneration plant, the users and the DHC [2-3]. Several GAMS models are being developed [4] for the optimization of polygeneration systems in DHC applications. For solving the non-linear models, the choice of the initial values is of high importance, since an improper election can lead at convergence problems or even to bad solutions. Since no guidelines are available for the choice of the initial points for these types of problems, the aim of this work is to propose a systematic procedure to obtain proper initial values for solving the non-linear models. This work is carried out in the framework of the POLYCITY project of the CONCERTO initiative [5].
2. Multi-objective optimization
The NNC [6] has been used to obtain the Pareto frontier. Several modifications of the NNC method have been proposed [7] to avoid local Pareto and non-Pareto points or to improve the distribution of the points in the Pareto frontier. However, there are few guidelines about the initial values that should be used. Usually the initial choice is based on knowledge skills of the user and are dependent on the developed model. The first step in the NNC method is to obtain the anchor points optimizing the model for each objective independently. These points and the design space are subsequently normalized using the maximum and minimum values obtained previously. A Utopia hyperplane is defined, to comprise all the anchor points, and is divided in evenly distributed points. The Pareto front is generated by optimizing a single-objective model with some constraints, which forces the solver to obtain an optimum solution, placed on the line that passes through each point and is normal to the hyperplane.
3. Case study
3.1. Description of the models
The model (Figure 1) has been applied to a polygeneration plant that has to be built in Cerdanyola del Vallès [5], including three energy sources: natural gas, biomass and solar energy for cooling. The main equipment consists in a gasification plant, CHP engines, compression and absorption chillers (Single Effect, Steam Double Effect and Direct Fired) and a solar collector field. The surplus of electrical energy can be sold to the grid. There are considered three main objectives: to minimize the investment cost, to reduce the CO2 emissions and to maximize the economical benefits. The year is divided in 24 time intervals, the NLP model results in 888 inequality equations, 3397 equality equations and 3657 variables, the Pareto front has 231 points. The main equations used for model development are presented in Table 1.
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Figure 1 General flowsheet structure of the model.
Table 1 Main equations for the linear and non linear models.
	Linear formulation
	Non-Linear formulation
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	Eqn. (1)
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	Eqn. (2)
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	Eqn. (3)
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	Eqn. (4)
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	Eqn. (5)
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	Eqn. (6)
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	Eqn. (7)
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	Eqn. (8)
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	Eqn. (9)


Fj,i(Net (Variable): MWh for time period “j” from unit “i” to the energy network “Net” 
(i (Variable): Efficiency of unit “i” at full capacity for both models.

Ni (Variable): Nominal capacity (kW) of the unit “i”

SF (Input parameter): number of hours in each period / 1000 

OPj,i (Variable): load (%) of the unit “i” in time period “j” (Variable)

FLj,i (Variable): Part load coefficient of unit “i” in “j”, FLj,i([0,1].
RCostj,i , RBenj,i , FCost i : Operation costs, benefits and investment costs, respectively.
CO2j,i , PFCO2i : CO2 production and CO2 production factor for the Net “i”
3.2. Results
Usually, solving a NLP model results in a local optimum solution which changes as a function of the initial points used. Therefore, it is hard to know whether the optimal solutions obtained for each objective considered independently can be consider as proper anchor points that should be further applied to the NNC method. The same situation can happen when generating the Pareto frontier, since improper choice of initial values can lead to infeasible solutions. However, a well formulated LP model always leads to a solution, which is, moreover, a global optimum solution. The NNC method is first applied to the LP model, and the obtained results are further used as initial values for the NLP model. The anchor points obtained by solving the LP model are presented in Table 2.
Table 2 Anchor points obtained by solving the LP model
	Single objective optimization
	CO2 (kton/y)
	Investment (M€)
	Benefits (M€/y)

	Minimization of CO2
	27.2
	15.5
	1.45

	Minimization of Inv
	34.5
	9.97
	1.25

	Maximization of Net
	30.2
	16.0
	2.10


The Pareto frontier is presented in Figure 2, respect to the main units that limits the size of the other units (in Figure 1 will be Unit 1 and Unit 2); the square points represent the solutions obtained for the case in which only the CHP engines running by natural gas has a nominal capacity greater than zero. The cross points represent the cases when both natural gas and synthesis gas (from the biomass plant) are “active” in the solutions, while the circle points, correspond to the situations when all the engines and the solar cooling plant have nominal size greater than zero and within the specified ranges.
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Figure 2 Pareto frontier for the linear model
Table 3 shows the optimal solutions of the NLP model to be used as anchor points, as a function of the initial points used. The tested initial values used are presented below:
· None: initial values are not specified.
· Resource lower bound: the resource suppliers are units in the GAMS model from which the resources are extracted (in this case, natural gas, biomass and the solar plant). The nominal capacity of the LP model for these units has been used as lower bound in the NLP model.

· NLP units lower bound: the nominal capacity (kW) of the units of the LP model is used as lower bound in the NLP model.

· N: initial values from the LP results are used only for the nominal capacity (kW) of those units (NG CHP, SG CHP and Solar plant) that limits the sizes of all the other.
· N+OP: OP is the load (%) of the non linear units. The N and OP values of the of the LP model are used as initial values for the NLP model.
· Full: the results from the LP solution are used as initial values for the nominal capacity of all the units (N), the operational conditions of the non linear units (OP) and the values of all the energy flows between the units.
Table 3 Anchor points obtained in the NLP model, as a function of the initial values
	Objective
	CO2 (kton/y)
	Investment (M€)
	Benefits (M€/y)
	Initial values

	Min CO2
	35.2
	10.7
	1.16
	None

	
	35.2
	11.7
	1.15
	Resource lower bound

	
	29.3
	16.0
	1.71
	NLP units lower bound (*)

	
	33.9
	10.2
	1.45
	N (*)

	
	Infeasible
	Infeasible
	Infeasible
	N+OP

	
	27.8
	12.6
	1.55
	Full (*)

	Min Inv
	36.7
	10.4
	0.959
	None

	
	35.8
	10.4
	1.06
	Resource lower bound

	
	35.6
	10.0
	1.14
	NLP units lower bound (*)

	
	35.5
	10.0
	1.19
	N (*)

	
	37.2
	10.4
	0.906
	N+OP

	
	35.5
	10.0
	1.15
	Full (*)

	Max Net
	37.1
	12.3
	1.60
	None

	
	37.1
	13.4
	1.59
	Resource lower bound

	
	31.1
	15.0
	2.06
	NLP units lower bound (*)

	
	35.5
	12.7
	1.85
	N (*)

	
	30.3
	15.0
	2.09
	N+OP

	
	30.3
	15.0
	2.09
	Full (*)


In all the cases considered, for each independent optimization the best results are obtained using the “Full” option to set the initial values. The three best values (*) of the Table 3 will be further used as anchor points for the NNC method. Similar to the case of the calculation of the anchor points, the same types of initial values will be used, with the only modification consisting in changing the conditions for the “N” case. In this case, the results of the nominal capacity from the LP model will be used for all the units and not just for the units that limit the size of the others units. In each one of the 231 points used to divide the Utopia plane, the NLP model is optimized using the corresponding initial points obtained from the LP model optimized for the same point of the plane. For the sake of clarity, only the results obtained for the two better anchor points are shown in Table 4. It can be observed that if too many variables are set with initial points (i.e., “Full” case), less feasible solutions are obtained, compared to other cases where less variables are set with initial points (N+OP). When the “Full” anchor points are used (the ones with the lowest anchor points values) the NNC convergence of each run is slower, but the results seem to be more accurate than in the other cases (when the size of the units of the superstructure of the solution obtained in each point of the Pareto frontier is analyzed, and compared with the other cases). Figure 3 shows the Pareto frontier for one of the cases analyzed. It should be noted that the Pareto frontier does not present this kind of shape in all the cases. Depending on the considered case, a different surface shape can be obtained, in which the three situations represented by circles, crosses and square points are completely separated between each another, forming something similar to a stair of three steps.
Table 4 NNC method maximizing Net with different anchor points and initial values.
	Anchor points
	Initial values
	Feasible
	Infeasible
	Total

	Full
	Full
	88
	143
	231

	Full
	N
	3
	228
	231

	Full
	None
	22
	209
	231

	Full
	N+OP(NLP)
	181
	50
	231

	NLP units lower bound in N.l
	Full
	100
	131
	231

	NLP units lower bound in N.l
	N
	133
	98
	231

	NLP units lower bound in N.l
	None
	186
	45
	231

	NLP units lower bound in N.l
	N+OP(NLP)
	196
	35
	231
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Figure 3 Pareto frontier for the [Anchor points: Full – Initial Points: Full]
4. Conclusions

The results of non linear models are highly dependent on the initial values used. Usually the initial choice is based on knowledge skills of the user. Therefore, especially for the inexperienced users, systematic methods to obtain good initial values would be of high importance, for both single run with one objective or multi-objective optimizations. Linear and non linear models for the same superstructure of a polygeneration plant have been developed. The results obtained solving the linear model (always is obtained a solution in the case of linear models) are used as initial values for the NLP model. Several variables of the model can be used to set the initial values. As a general rule, as the number of variables with initial values increases, a longer computational time is needed, but better results are obtained. It should be also noted that there are always some units which limit the size of the others (in our case study, the cogeneration engines and the solar plant limit the size of the absorption chillers). A proper election of the initial values for these units can produce results almost as good as those obtained when initial values are set for a higher number of variables. In multi-objective optimization using the NNC method, the anchor points and the initial values used in each run can determine the Pareto frontier obtained. In general, the Pareto frontier is similar to the LP solution but more flat and with a faster decrease of the benefits as the plant’s investment cost is reduced. The transition from high CO2 emission to low CO2 emission is also more abrupt. Different results are expected for the case of another superstructure and with a different modeling of the units. However, the obtained results can be of interest for the development of future optimization models for energy polygeneration plants. The next step of this work will be the inclusion of the modifications proposed for the NNC method and compare the obtained results with the ones presented here. Other types of initial values for the NNC will be investigated, as including the results obtained for the NPL model in previous points of the Utopia plane, in the calculations of the next points of the plane.
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