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Abstract
In this work, a product- and process-design approach for the selection of suitable working fluids and flowsheet configuration for novel Combined Heating and Power applications is presented. First, molecules that meet the requirements imposed by the process, and thus, could be used as working fluid are screened from a set of about 2500 compounds. After the screening, an optimisation procedure based on a superstructure approach is implemented to identify simultaneously the optimal process flowsheets and the corresponding working fluid. The design problem is expressed as a multi-objective MINLP problem and solved using MIDACO, an extended evolutionary Ant Colony Optimization (ACO) solver. The analysis of the set of Pareto points reveals that, in terms of process, regeneration and two bleedings should be included in the flowsheet. Moreover, turbine bleeding should be used to provide heating power to the end-user. In terms of working-fluid design, HFC-152 and HFCO-1233zd (E) seem to be promising candidates for CHP applications.
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1. Introduction
The promotion of DES has opened the way to different technologies such as combined heat and power (CHP) or combined cooling, heating and power (CCHP) systems. Recently, Briola (2017) presented a novel CCHP cycle that enables the development of an all-in-one device capable of producing electric, heating and cooling power with a single working fluid. Among the design challenges of this novel CCHP system, the working fluid selection appears as a key stage of its development.
In this way, a first study (Piña-Martinez et al., 2021) devoted to the working fluid selection was carried out by implementing a database search to screen about 60 000 structures included in the Dortmund Data Bank (DDB), the Design Institute for Physical Properties (DIPPR) database and the NIST ThermoData Engine 103b (NIST TDE 103b). The screening considered thermodynamic, process-related, constructional, safety and environmental constraints. In such study, the process flowsheet was not considered as a degree of freedom of the design problem. However, the choice of a working fluid is inherently coupled to the choice of the appropriate process flowsheet. 
In order to have a first overview of the trade-off between design variables, the CHP configuration of the original CCHP cycle is considered in this study. The objective of this work is to design a complete CHP cycle – including the selection of the working fluid - by implementing simultaneously product and process design approaches: first, molecules that could be used as working fluid are searched for from a set of about 2500 compounds. Then, an optimisation procedure based on a superstructure approach is implemented to identify simultaneously the optimal process flowsheet and the corresponding working fluid. The paper describes of the original CHP cycle, the methodology for the integrated process and working-fluid design implemented in this work. It also introduces the case study for the design of a CHP cycle and presents the results of the integrated design.
2. Brief description of the original CHP cycle
The basic CHP process comprises five main steps: the fluid in a liquid state is compressed by a pump (1-2), preheated, evaporated at constant pressure (2-3), expanded in a first turbine (3-4), cooled at constant pressure in a condenser in order to provide the required end-user heating power (Qm) at TM. Then, it is expanded in a second turbine (5-6) and condensed at constant pressure (6-1) to the initial state. 
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[bookmark: _Ref149931053]Figure 1: a) Schematic view of a CHP cycle. b) Corresponding temperature-entropy diagram.
3. Design methodology and implementation
The methodology implemented in this work is inspired from the main stages described by Piña-Martinez et al. (2021): 1) needs and goals; 2) generation of the initial set of molecule candidates, and 3) flowsheet and working fluid optimisation.
[bookmark: _GoBack]3.1. Needs and goals
Even if the considered operation is CHP, the original needs for CCHP are maintained. This is to ensure that the working fluid is still able to operate in CCHP mode. The needs are: 1) subcritical operation; 2) no freezing at TC; 3) low mechanical stress 4) no air infiltration, 5) compact units; 6) toxicity and flammability risks, and steel compatibility equivalent to n-pentane since it is already used in commercial ORC applications, 7) low environmental impact (Global Warming Potential and Ozone Depletion Potential).
3.2. Generation of the initial set of molecule candidates and screening procedure
In this study, the experimental or estimated data available in the DDB, the DIPPR and the NIST databases are used to generate the initial set of 2540 molecule candidates. The screening order is: (1) critical temperature, (2) triple-point temperature, (3) vapor pressure at TC, (4) density at TC, (5) vapor pressure at TH, (6) toxicity, (7) GWP, (8) ODP, (9) autoignition temperature (AIT), (10) compatibility and (11) stability.
3.3. Flowsheet and working fluid optimisation
Superstructure modelling. To consider the flowsheet structure as a degree of freedom in the design problem, a superstructure including several process alternatives simultaneously is defined. To do so, additional units are added to the flowsheet to act as switches that divert the overall incoming mass flow towards a specific downstream section of the process, as described by Quintero-Masselski et al. (2022). The path selection is represented by binary structural decision variables:
	
	(1)



Working-fluid selection. After the screening, the selection of the working fluid is considered in the design problem by means of a non-negative discrete variable corresponding to the total number of candidate molecules. The working fluid stream is defined as a multicomponent stream and molar fractions are defined as follows:
	; 
	(2)


3.4. Implementation and optimization algorithm
The superstructure simulation is performed with the steady-state software simulation ProSimPlus. The translated-consistent Peng-Robinson (tc-PR) model (Le Guennec et al., 2016) is used to estimate saturation and caloric properties. As presented in section 4.3, the design problem corresponds to a mixed-integer nonlinear programming (MINLP) problem. For this work, MIDACO, an extended ant colony optimization algorithm for non-convex MINLP, is used. As all metaheuristic algorithms, it does not guarantee global optimality, however the exploration limits for the algorithm are considered sufficiently large to achieve a good trade-off between the performance indicators.
4. CHP integrated design
4.1. Superstructure description and process considerations
The superstructure embeds four flowsheet options and their combinations. Three of them are classically related to power applications: a) reheating, b) turbine bleeding (open), and c) regeneration. The fourth option is related to the end-user heat supply: in the case of turbine bleeding, the extracted stream may be used for end-user heating. 
For the description of the CHP superstructure (Figure 2), consider the stream entering switch S1. If the total reheat option is active, turbine T1 and reheater Rh1 are active. On the contrary, a high-pressure (HP) bleeding can be selected. If it is the case, turbine T2 and splitter Sp1 are active. If the end-user heat supply by bleeding is active, condenser Cn1 is active. The remaining stream exiting splitter Sp1 may be reheated. In that case, turbine T6 and reheater Rh2 are active. Analogously, a low-pressure (LP) bleeding with reheat and/or EU heat supply options can be represented by switches S4, S5 and S7. The working fluid exiting closing switch Cs4 enters turbine T4. After this point, if end-user heating power has not been supplied by condensers Cn1 or Cn2, then condenser Cn3 and turbine T5 are active. Then, if the regeneration option is active, regenerator Rg1 is active. After that, the working fluid is condensed (Cn4), compressed (P1), and regenerated (Rg1) if . Finally, if bleeding options are active, the feedwater stream is mixed (mixers Mx1 and Mx2) with bleeding stream 1, or 2, or both depending on the number of active bleeding streams. 
The assumptions used in this work have been adopted from those outlined by Pina-Martinez et al. (2021). The required power and heating needs are 3 and 4 MW respectively. The heat transfer fluid with an unknown mass flow rate enters evaporator Ev1 at THS = 220°C, the maximum temperature reached by the working fluid during the operation is set to 150 °C. Cooling water is assumed as cooling medium in condenser Cn4 with an inlet temperature of Tcool = 15°C and an outlet temperature of 30°C. The end-user heating power is used for hot water generation. Depending on the configuration, water stream enters either condensers 1, 2 or 3 at 15°C and leaves at 80°C.
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[bookmark: _Ref151717851]Figure 2: Flowsheet of the CHP cycle superstructure. Abbreviations: Cn: condenser; Ev: evaporator; Mx: mixer; P: pump; Rg: regenerator; S: switch, Sp: splitter; T: turbine.
This condition imposes that the working fluid should be condensed at Psat(90°C), in order to avoid a temperature cross. In consequence, if the bleeding option and end-user heat supply by bleeding are both active, bleeding pressure must be equal to Psat(90°C). Otherwise, it is a degree of freedom of the problem. In addition, the stream exits condenser Cn4 as saturated liquid at 40°C. For all heat exchangers, the minimum temperature approach is equal to 10 K.
4.3. Problem statement
Given Combined Heating and Power cycle specifications, constraints and a thermo-economic pair of objective functions, an optimisation problem is formulated to determine an optimal process flowsheet and the corresponding working fluid:
	;
	(3)


where  represents a vector of  continuous process variables;  represents a vector of  binary structural decision variables; and  represents a non-negative discrete variable and enables the selection of a given working fluid. The set of equations  corresponds to a vector of  equality constraints including mass and energy balances, thermodynamic relations, and sizing equations. The set of equations  corresponds to a vector of  inequality constraints that enforce bounds on the operating conditions and binary variables in order to satisfy design specifications. The presented structural options represented by 7 binary variables correspond to a maximum number of  potential integer combinations. However, many combinations are infeasible due to logic constraints, e.g., if the total reheat option is active, HP bleeding cannot be active.

4.3.1. Objective functions
Levelized cost of electricity (LCOE). According to the International Energy Agency (IEA) report: Projected Costs of Generating Electricity, (IEA, 2020), LCOE (Eq. 4) is the principal tool for comparing the plant-level unit costs of different baseload technologies over their operating lifetimes. 
	
	(4)


where  represents the discount rate, and  the project lifetime. CAPEX and OPEX accounts for the capital and operational expenditures respectively. For CHP, the heat credit (HC) consists of the total cash flow related to the heat supply in a yearly basis. For this case study, the project lifetime is equal to 25 years, with a discount rate of 7%, and 7446h of annual operation. Maintenance cost of each equipment is fixed at 3% of the purchased cost. Heat price is equal to 34.87 €/MWh. Biomass price is 16.4 €/MWh. Cooling water price is 1.12 €/MWh (Schilling et al., 2020). The exchange rate is 1 USD/€. The economic evaluation is based on the Manual of Process Economic Evaluation (Chauvel et al., 2003), and more specifically, the Pré-Estime method. 
Primary energy savings ratio (PESR). This parameter provides information on how much primary energy is saved by using a multigeneration system instead of separated ones to supply the required duties. PESR is defined as: 
	
	(5)


where  and  are the amount of energy per unit of time from the heat source required by the CHP system and separated systems (SS) to provide electric and heating powers respectively. Detailed calculations are provided by Piña-Martinez et al., 2021.
5. Results of the integrated design of the CHP cycle
The results of the integrated working-fluid and CHP cycle design are presented in detail. Three parallel MIDACO instances took 56 h and evaluated 156 840 points. Optimization procedure was stopped when the Pareto front was not improved after 50 000 consecutive evaluations. Out of the 128 structural alternatives, 36 are found feasible. This optimization contains 52 505 feasible points, 104 335 unfeasible points and 24 Pareto points were obtained. It is worth recalling that the structural options present in the superstructure were represented by 7 binary variables. In order to have a better insight of the results, it was decided to create 2 meta-variables (yI and yII). Variable yI groups binary variables (yrh0, ybl1 and ybl2) and their feasible combinations (Table 1), while variable yII groups binary variables (yrh1 and yrh2) (Table 2).
From Figure 3, it is possible to observe that all the configurations lying on the Pareto front consist of two turbine bleedings, end-user heat supply with the LP bleeding and regeneration. Hereafter, such features are called general features. In terms of yII, it is possible to distinguish three configurations on the Pareto front. The first zone corresponds to yII = 3, it corresponds to a configuration with the general features and the reheating of the remaining streams exiting splitters Sp1 and Sp2. This configuration cluster results in an average PESR and LCOE of 19.5% and 171.8 USD/MWh respectively. Points lying on the second zone (yII = 2) represent a flowsheet with the general features and the reheating of the remaining stream exiting splitter Sp1. This cluster exhibits a lower average PESR (18.6%) and LCOE (168.2 USD/MWh) than cluster 1. Finally, the third zone of the Pareto front (yII = 0) corresponds to a configuration with the general features and no reheat at all. Such a cluster exhibits the lowest average PESR (16.9%) and LCOE (164.6 USD/MWh). In terms of working fluids (Figure 3.e), only three molecules passed all the filters: 1) 1,2-difluoroethane (HFC-152), 2) neopentane and 3) (E)-1-chloro-3,3,3-trifluoro-1-propene (HCFO-1233zd(E)). Figure 3.e shows that HFC-152 is used with configuration 1, while HCFO-1233zd(E) is the best match for configurations 2 and 3.
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[bookmark: _Ref151052157]Table 1. Definition of variable yI.
	yI
	yrh,0
	ybl,1
	ybl,2

	0
	0
	0
	0

	1
	0
	1
	0

	2
	0
	1
	1

	3
	1
	0
	0

	4
	1
	0
	1
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[bookmark: _Ref152254095]Table 2. Definition of variable yII.
	yII
	yrh,1
	yrh,2

	0
	0
	0

	1
	0
	1

	2
	1
	0

	3
	1
	1
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[bookmark: _Ref151053236]Figure 3. Trade-off figures between LCOE and PESR as a function of meta-variables yI, yII, binary variables yb+h and yreg, and the working fluid integer variable (w).
6. Conclusions
In the present work, a product-and process-design approach for the selection of suitable working fluids and flowsheet configuration for novel Combined Heating and Power applications has been presented. Integrated design of the CHP system enabled to identify two promising working fluids (HFC-152 and HCFO-1233zd(E)), and three process structures highlighting that optimal configurations consist of turbine bleedings with heating supply, and regeneration.
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