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Polygeneration energy systems using multiple energy sources (e.g., wind, biomass, 

solar) and delivering multiple energy services (i.e., heating, cooling, and electricity) 

have potential economic and environmental benefits over traditional energy 

generation systems. However, for maximized benefits, such systems must be the 

correct size and have a suitable operating strategy implemented. In this study, an 

optimization model is proposed to identify the optimal design and operating 

strategy of a complex polygeneration system. The system includes photovoltaic 

modules, solar thermal units, wind turbines, combined heat and power units, energy 

storages (hot, cold, and electric), vapor compression and absorption chillers, and a 

boiler. The interactions between these units are managed based on the integrated 

operating strategies: following thermal load, following electric load and modified 

base load. A particle swarm optimization is used as an optimization algorithm and 

the objective function is defined to minimize the annualized total cost, fuel 

consumption, and carbon dioxide emissions using a weighting factor method. The 

careful incorporation of the realistic operation of the CHP is considered in the 

theoretical model. This includes the effects of the part-load operation and outdoor 

temperature on the efficiency and power output of the CHP. In addition, the size 

dependency of the unit cost of the chillers and CHP units over the search space is 

taken into account. With this approach, the achieved results would be as close to 

real conditions as possible. Six configuration scenarios are examined for a case 

study in a residential building complex located in northern Italy. It is concluded that 
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Nomenclature 

ac Acceleration constant (PSO parameter) Superscripts 

AOC Annual operating cost (USD) Poly Polygeneration system 

AOCSR Annual operating cost saving ratio (%) Ref Reference system 

Area Solar heater area (m2) SoC State of charge (%) 

ATC Annualized total cost (USD) Subscripts 

ATCSR Annualized total cost saving ratio (%) a,b Wind power non-linearity factors 

c Cooling (kW) bat Battery storage 

CCHP Combined cooling, heating, and power c Cooling 

CHP Combined heat and power cap Capital 

CO2ERR CO2 emission reduction ratio (%) chp Combined heat and power 

COP Coefficient of performance (-) ci 
Cut-in speed (wind turbine parameter) 

(m/s) 

CRF Capital recovery factor co 
Cut-out speed (wind turbine parameter) 

(m/s) 

CS Cold storage cs Cold storage 

E Stored Energy (kWh) Dem Demand 

F Fuel Energy (kWh) dem_dir 
Electric power demand of a building (heat 

and electricity for cooling is not included) 

FEL Following electric load dl Distribution line 

FTL Following thermal load  Ech Electric chiller 

FS Fuel saving (USD) el Electricity 

FSR Fuel saving ratio (%) Exp Export 

fr Inflation rate (%) f Fuel 

G Solar irradiance (W/m2) grid Utility grid 

Gbest Global best (PSO variable) hc Heating coil 

H Heating (kWth) HRU Heat recovery unit 

hs Heat storage hs Heat storage 

implementation of the optimized polygeneration system has energetic, economic, 

and environmental conservation benefits in all these scenarios. The annualized cost 

and fuel consumption of the optimal solutions decreased by 3–19% and 10–37%, 

respectively, for the various scenarios compared to the separate generation system.  
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i Nominal discount rate (%) imp Import 

ICC Initial capital cost (USD) in Input 

IRR Internal rate of return (%) nom Nominal 

ISR Integrated saving ratio (%) om Operation and maintenance 

Iw Inertia weight (PSO parameter) out Output 

MBL Modified base load  PV Photovoltaic panel 

MES Multi energy system r Rated power 

MGT  Micro gas turbine rep Replacement 

NCF Net cash flow shu Solar heater unit 

NPV Net present value sup Supply 

P Power (kWel) Tch Thermal chiller 

Pbest Personal best (PSO variable) th Thermal 

PBP Payback period (year) tot Total 

PL Part-load (%) wind Wind turbine 

PSO Particle swarm optimization Greek letters 

PVF Present value factor (%) µ Emission factor(g/kWh) 

Rand A random number between 0 and 1 (PSO parameter) ƞ Efficiency (%) 

V Wind speed (m/s2) ε Loss coefficient (%) 

Vel Velocity (PSO parameter)   

Vol Volume (m3)   

w Weight factor(PSO parameter)   

1 Introduction  1 

As set forth by the European Commission’s Strategy on Heating and Cooling, the energy demand of heating and cooling constitutes 2 

approximately half of the total energy usage in the European Union (EU), of which 45% of this energy is consumed in the residential 3 

sector, 18% in services, and 37% in the industrial sector [1]. Improving the sustainability of heating and cooling is a priority, and 4 

the strategy lists the goals of decreasing demand, increasing efficiency, and switching to renewable primary energy sources. To aid 5 

this purpose, the concept of decentralized polygeneration should be recognized as an enabling technology system with great 6 

potential. The current study describes the complexity of modeling such polygeneration systems for planning and design. Moreover, 7 

through an urban application case study, new knowledge on the potential of this concept is provided. 8 



4 

 

1.1 Decentralized polygeneration  9 

In centralized electricity generation, up to 30% of the cost of the power delivered to users is related to transmission and distribution 10 

[2]. The lowest costs belong to industrial consumers (high- and medium-voltage electricity) while the highest costs are attributed 11 

to smaller consumers such as residential or commercial buildings (low-voltage electricity) [3]. In addition, a significant portion of 12 

heat from power plants is released into the environment, which otherwise could be used for other purposes. Therefore, as part of 13 

the energy transition movement, the traditional way of power generation is now being compared to decentralized alternatives. 14 

One of these alternatives being broadly explored is the concept of decentralized polygeneration for combined heat and power 15 

(CHP) [4] and/or cooling and pure water [5]. These systems are also mentioned as trigeneration, or combined cooling, heating, and 16 

power (CCHP). The overall efficiency of a CHP unit can reach as high as 80%, therefore its application is increasing gradually [6].  17 

Some of the benefits of these systems are: a) reducing or eliminating the initial cost of the transmission and distribution lines and/or 18 

their operation and maintenance costs; b) shortening the planning and implementation time [3]; c) lowering the distribution and 19 

transmission losses; d) decreasing the negative environmental impact; and e) increasing the resilience of the power network [7]. 20 

Several authors have provided comprehensive reviews on various aspects of such systems, including technologies, design, 21 

optimization, evaluation criteria, and benefits. In [8], W. El-Khattam and M. M. A. Salama conducted a survey on the benefits of 22 

distributed generation, the technologies used, and definitions of distributed generation terminologies. The authors provide a new 23 

classification in order to relate the technologies, applications, and distributed generation types. H. Al Moussawi et al. [9] did a 24 

review on design evaluation, decision-making variables, and optimization of trigeneration technologies. 25 

The state of the art of the available modeling and assessment techniques for analyzing multi-energy systems (MES) was reviewed 26 

by P. Mancarella [10]. By performing a comprehensive study on MES, the article aimed to bridge the gap between various 27 

viewpoints and to provide a more holistic overview of MES. In a recent study, Jana et al. [11] presented the status of polygeneration 28 

energy systems and their potential as a future sustainable solution. In that study, performing more research on multi-dimensional 29 

performance assessments of polygeneration systems, incorporating more innovative devices, and integrating proper storage 30 

systems to balance the intermittency of renewable input are suggested.  31 

Owing to the broad range of applications for polygeneration energy systems in commercial and residential buildings, their design 32 

and implementation with consideration of various technical, economic, and regulatory issues have been the focus of several recent 33 

studies.  34 

Romero Rodríguez et al. [4] evaluated the performance of a hybrid power system, including solar photovoltaics, internal 35 

combustion engines, and solar thermal collectors, for identical buildings located in various climates in Spain. The results showed 36 

that the hybrid system including all the components had higher energetic and environmental performance compared to the 37 

conventional separate generation system; however, a conventional system was a better choice in terms of economy.  38 

On the other hand, Rubio-Maya et al. [12] considered a tourist center in Spain, where an optimized polygeneration system showed 39 

economic advantages over a conventional reference system: a higher net present value, an approximate 18% saving in primary 40 

energy, and a significant reduction of CO2 emissions. Calise et al. studied a solar-powered heating and cooling system, including 41 

absorption chiller and heat pumps, and found that incorporating electricity storage can contribute about 20% of the power 42 

consumption and a payback period (PBP) of the best configuration amounting to 15 years [13]. For a food production factory in 43 

Turkey, trigeneration showed better economic benefits than the separate generation of power, heating, and cooling [14]. 44 

Torchio compared the energetic, economic, and environmental performance of distributed generation to the district CHP in 45 

Northern Italy considering two scenarios: a) maximum energy saving and b) maximum present value saving [15]. Under these two 46 

scenarios, the integration of fuel cells, microturbines, and internal combustion engines to the district heating and distributed 47 

generation was studied. In the former scenario, district heating achieved a higher CO2 emissions reduction compared to distributed 48 

generation; however, higher critical values of local nitrogen oxides (NOx) and particulate matter emissions were observed when 49 

internal combustion engines were adopted. In the latter, all the options obtained energetic, environmental, and economic savings. 50 

The distributed generation was economically viable when internal combustion engines were included. Nonetheless, NOx emissions 51 

were reduced in options using microturbines. The results can be used as a guideline for decision makers to make better choices 52 

between various options and scenarios.  53 

Proper sizing of components is of utmost importance to the cost-effectiveness of polygeneration systems. For example, Tichi et al. 54 

[16] concluded that optimal sizing and operational conditions could significantly influence the economic benefits. Ren et al. [17] 55 

optimized a CHP system with a focus on the optimal size of the storage and the influence of the electricity tariff on size 56 

optimization. The results showed that the capital cost, gas and electricity prices, carbon tax, and the price of the electricity sold 57 

back to the grid have significant impacts on the optimal design of a CHP system. The authors also concluded that even though an 58 

optimal heat storage could improve the performance of the CHP system, an oversized storage had an adverse effect. Furthermore, 59 

it was shown that the time-of-use (ToU) electricity tariff structure, particularly in the case of larger CHP plants, could make the 60 

storage more attractive. 61 

A comprehensive polygeneration system including CHP units, boiler units, photovoltaic (PV) and thermal units, thermal chillers, 62 

heat pumps, and thermal and electric storages was investigated by Di Somma et al. [18]. The energy system was optimized using 63 

the cost and exergy assessment in a multi-objective optimization problem. The results showed that the primary exergy input and 64 

total annual cost of the optimized configurations were 21–36% lower than those in a conventional energy system using the grid to 65 
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supply the electricity demand, an electric chiller for the cooling demand, and gas-fired boiler for the heating demand of the building. 66 

The results were shown in a Pareto frontier, which can be used by planners to choose balancing solutions based on the sustainability 67 

and economy of the system.  68 

1.2 Optimization of polygeneration systems 69 

Polygeneration systems include a number of energy sources (renewables as well as fossil resources), production units, and storage 70 

devices. This results in a large number of interconnected endogenous variables (e.g., size of the components, the system 71 

configuration, and operating strategy) and exogenous variables (e.g., demand load profile, availability and price of primary energy 72 

sources, geographical location, and electricity tariff structure). As described above, combinations of these variables, which are 73 

endless in theory, will significantly influence the performance of a polygeneration system.  74 

Definition of the performance criteria and characteristics of the operating strategies considerably affect the optimal solutions. 75 

Solving such problems involves complex energy flow modeling, which requires advanced optimization problem formulations. An 76 

optimal design, planning, and the operation of polygeneration are of utmost importance in improving the performance of 77 

polygeneration systems in terms of energy, economy, and the environment. Consequently, they have been the focus of several 78 

studies. For example, Rong and Su [19] surveyed optimization approaches in polygeneration energy systems for buildings and 79 

concluded that system optimization is an effective tool for identifying and exploiting the potential of polygeneration systems.  80 

Mathematically, various methods for formulating the optimization of polygeneration systems have been reported in the literature: 81 

linear programming (LP) [20]; non-linear programming (NLP) [21]; the maximum rectangle method (MR) [22]; fuzzy logic [23]; 82 

and various population-based algorithms, such as genetic algorithms (GA) [24] and particle swarm optimization (PSO) [25]. 83 

To further assess the previous work, one example is the study by Piacentino and Barbaro who proposed a tool using a mixed integer 84 

LP algorithm for the optimization of a complex polygeneration energy system serving a cluster of buildings [26]. Later on, this 85 

method was applied to a number of case studies with the intention of clarifying the full potential of the proposed method [27]. Unal 86 

et al. [14] proposed an LP algorithm for optimizing the operating strategy in order to minimize the annual operational cost of a 87 

trigeneration system, and Shaneb et al. [28] developed an LP model for size optimization of a residential CHP system. 88 

Di Somma et al. conducted operation optimization of a polygeneration system by applying exergy principles [29]. A system with 89 

multiple energy devices that involved energy carriers with various energy quality levels was investigated to fulfill the energy 90 

demand of a building. By using low-temperature energy sources to fulfill low-quality thermal demands, the waste of high-quality 91 

energy sources was reduced, resulting in enhancement of the overall exergy efficiency of the system. The study concluded that 92 

using the optimized operation of the polygeneration system can significantly increase the overall exergy efficiency and reduce the 93 

energy costs relative to the conventional energy system.  94 

Among the population algorithms, PSO and GA have been shown to be the most effective methods for optimization of complex 95 

energy systems. Obara et al. [30] used a GA to investigate an energy-independent microgrid consisting of fuel cells (PEFCs), 96 

photovoltaics, water electrolyzers, and heat pumps. Barbieri et al. [31] proposed an optimization model using a GA to identify the 97 

optimal size of the components of a CCHP energy system (CHP unit, absorption chiller, reversible air and ground source heat 98 

pump, and auxiliary units). The results showed that components’ sizes were highly dependent on the climate zone.  99 

Yousef et al. developed a model to optimize the size of the components in a solar-assisted CCHP system that included PV/thermal 100 

panels and an internal combustion engine using the Non-dominated Sorting Genetic Algorithm II (NSGA-II) [32]. The objective 101 

function was to minimize the net present cost and fossil fuel consumption. A similar algorithm was used for optimal planning and 102 

design of a CCHP microgrid system [33]. The optimal planning was solved at the first stage using NSGA-II while the optimal 103 

dispatch problem was solved by an MILP algorithm at the second stage. The method was applied to a hospital to verify the 104 

effectiveness of the proposed method.  105 

Li et al. used a GA for optimizing a CCHP system in an office building and a residential building in Dalian, China [34]. The results 106 

showed that application of a CCHP system in an office building achieves a higher performance compared to a residential building. 107 

Integration of the two buildings and forming a building complex can motivate the application of the CCHP system in the residential 108 

buildings.  109 

Soheyli et al. proposed a novel CCHP system consisting of wind turbines, photovoltaic modules, and solid oxide fuel cells (SOFC) 110 

as the prime movers and thermal storage [35]. The sizes of the mentioned components were optimized using a co-constrained 111 

multi-objective PSO (CC-MOPSO) algorithm with the aim of minimizing the annualized total cost (ATC). The optimal results 112 

showed significant fossil fuel consumption compared to the separate generation system.  113 

The size optimization of a polygeneration system using a time-dependent thermo-economic hierarchical approach using a GA was 114 

investigated by Rivarolo et al. [36]. The results showed that compared to the co-generation system, trigeneration achieves higher 115 

economic and energetic performance and provides better energy management throughout the year.  116 
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Zeng et al. [37] proposed a novel method to optimize a CCHP integrated with a ground source heat pump (GSHP) system. A multi-117 

population genetic algorithm (MPGA) was used to optimize the thermal capacity of the engine, the ratio of cooling/heating provided 118 

by the GSHP to the total heating/cooling demand, and the status of the engine on-off mode. The application of the model to a hotel 119 

building showed CO2 emissions reduction as well as fuel and cost savings compared with a system for a separate generation. 120 

A few studies presented comparative results between using the PSO and GA optimization techniques, with many benefits found 121 

for the PSO (e.g., [25] and [38–42]). For example, Sanaye and Hajabdollahi optimized a CCHP system using PSO and GA [38]. 122 

The objective function was to maximize the benefits of the system during a one-year operation, as applied to a residential building 123 

in southern Iran. The results showed that PSO and GA converged to a solution with a maximum difference of 0.6%, where the 124 

PSO determined better solutions with slightly higher benefits. In addition, the convergence time in the PSO was less, with the PSO 125 

requiring less computational effort compared to the GA. A set of benchmark test problems demonstrated that the PSO could 126 

converge to a high-quality solution with less computational effort compared to the GA [40]. A model for optimizing a CCHP 127 

system in terms of energy, economy, and the environment using PSO and GA was presented by Wang et al. [25]. The results 128 

showed the reliability and effectiveness of the PSO. In addition, the authors concluded that the PSO presents better optimal results 129 

with less computational effort. While optimizing an off-grid power system, the PSO and GA were compared by Tudu et al. [41]. 130 

In this study, it was concluded that by using the PSO a fewer number of iterations were required.  131 

Moreover, the authors tested the effectiveness and reliability of PSO for optimizing a microgrid [42]. Results were achieved at six 132 

times lower computational effort compared with the results initially obtained from an exhaustive search technique [43]. Based on 133 

the above discussion, the PSO with its exploration and exploitation abilities in finding high-quality solutions is chosen for the 134 

optimization algorithm in the present study. 135 

1.3 Operating strategies in polygeneration systems 136 

In addition to the optimization of energy and generation mix, as well as the sizing of components, it is also important to incorporate 137 

the operating strategy in the modeling. For example, Diangelakis and Pistikopoulos presented a systematic approach for identifying 138 

the optimal design and operational strategy of CHP units in residential buildings [44]. Noticeable economic, energetic, and 139 

environmental benefits were achieved using the simultaneous analyses of design, operation, and control strategy.  140 

In this context, a detailed tool for analyzing the performance of trigeneration systems and optimizing its operating strategy was 141 

proposed by Calise et al. [13]. Three operating strategies: following thermal load (FTL), following electric load (FEL), and 142 

maximum power following thermal load (MPFTL) were evaluated with the aim of maximizing the performance of the system and 143 

minimizing the plant costs. The application of the tool to a hospital as a case study showed that higher profitability could be 144 

achieved by the FEL operating strategy with a PBP of four years and primary energy savings of 20% in comparison with the 145 

traditional separate heat and electricity production.  146 

Ma et al. proposed an energy hub structure with a focus on the optimal dispatch strategies to decrease the daily operational costs 147 

through a day-ahead dynamic optimal operation model [45]. The results showed that the microgrid energy system could 148 

significantly improve the efficiency and promote the penetration of renewable energy sources. Furthermore, it was concluded that 149 

including the demand response and energy storage devices could help to handle the fluctuations of renewable energy sources and 150 

balance the energy supply and demand.  151 

A two-stage coordinated control approach for energy management in a polygeneration microgrid was proposed by Luo et al. [46]. 152 

The purpose was to balance the fluctuations of renewable energy sources and the demand load while achieving better economy in 153 

a polygeneration microgrid. The results showed that this coordinated approach reduced the operating costs compared to the FEL 154 

and FTL operation strategies.  155 

Hajabdollahi et al. [39] identified the optimal design of a CCHP system using the PSO algorithm. Two operational strategies with 156 

regards to cooling were considered and compared: a variable electric cooling ratio (VER) and a constant electric cooling ratio 157 

(CER). In addition, three types of climate (hot, cold, and moderate) were evaluated in a number of case studies. The results showed 158 

that in all the cases, the VER strategy achieved higher benefits with the highest relative annual benefits in the hot climate. 159 

Additional insights into operating strategies are given by, for example, Soheyli et al. [35], who considered FEL and FTL operation 160 

strategies for a proposed novel CCHP system.  161 

1.4 Objectives 162 

Despite the available studies, little work has been carried out on the investigation of complex polygeneration systems that include 163 

all the critical components, which can significantly affect the performance of the system. For example, using a cold storage together 164 

with thermal and/or electric chillers to exploit the waste heat or excess power for cooling purposes can contribute to increasing the 165 

performance of a polygeneration system. The integration of the above with PV and solar thermal units, as well as wind turbines, 166 

differentiates an effective polygeneration system from traditional CCHP systems. Furthermore, more research on multi-167 

dimensional (energetic, economic, and environmental) optimization and performance assessments of polygeneration systems are 168 

necessary. Hence, there is a need to analyze various aspects of design optimization and operation strategies of complex 169 

polygeneration systems including the above-mentioned components. 170 
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In addition, several studies often incorporate further simplifications to overcome the complexity of optimization. These are all 171 

valuable contributions, although the full complexity of polygeneration systems is not revealed as many simplifications were used 172 

in these studies. For example, in several cases, the CHP system is assumed to be completely flexible to part-load, operating between 173 

0% and 100%, thereby neglecting the effect of part-load on operating efficiency [28],[24]. This can lead to inaccurate results by 174 

overestimating the benefits of the polygeneration system. Moreover, the effects of outdoor temperature on the efficiency and power 175 

output of the prime mover units are not considered. Furthermore, in many size optimization problems, the same costs of the 176 

components are assumed over the optimization search space, disregarding the effect of size on the cost. Finally, more comparative 177 

research studies with respect to the best operating strategies for any given application are required. With this as background, this 178 

paper presents an approach to consider the above-mentioned shortcomings, and advance the planning and design of efficient, 179 

decentralized polygeneration systems. 180 

In the present work, a model for size optimization, operating strategy, and performance analysis of an effective complex 181 

polygeneration system is presented. As compared to published available studies, this model allows for optimal integration of 182 

various primary energy sources (solar, wind, and natural gas), conversion technologies (PV, wind, solar thermal, CCHP, boiler, 183 

vapor compression chillers, and absorption chillers), and the integration of storages (hot, cold, and electric). Optimal planning and 184 

multi-dimensional optimization of such a complex polygeneration system is the main novelty of this work. In addition, in-depth 185 

attention is given to three operating strategies: following thermal load (FTL), following electric load (FEL), and modified base 186 

load (MBL).  187 

Another novelty of this work is related to the realistic operation of the CHP in the model, something that has thus far frequently 188 

been omitted in the modeling of complex polygeneration systems. This includes the impact of the outdoor temperature and part-189 

load operation on the nominal power output and efficiency of the CHP unit. Here, in order to minimize the operation at a low load 190 

factor, several smaller CHP units are selected instead of one large CHP. These assumptions add more complexity to the operating 191 

strategy; however, it enables the CHP unit to be operated closer to full-load, resulting in more energetic, economic, and 192 

environmental benefits. Moreover, instead of assuming a constant cost per unit for the entire search space, the influence of size on 193 

the capital costs of the chiller and CHP units is taken into account. 194 

Given this, the main objective of this paper is to outline and describe how a semi–self-sufficient energy system can be optimized 195 

to maximize the use of renewable energy and, consequently, minimize the fossil fuel consumption. The multi-dimensional objective 196 

function includes the target of minimizing the ATC, the CO2 emissions, and fossil fuel consumption. For the benefits outlined 197 

in 1.2, the PSO is used as the optimization technique.  198 

Using the developed model, an optimization design analysis of a decentralized polygeneration system, implemented in a residential 199 

building complex in northern Italy, is presented. With this relevant example, the present work also gives a comprehensive analysis 200 

of the potential of distributed polygeneration in an urban application – new knowledge that sets the basis for realizing the next 201 

generation of demonstration projects.  202 

The remainder of this paper is organized as follows: the problem formulation is further explained in Section 2 while Section 3 is 203 

dedicated to describing the case study. The results of the case study application are discussed in Section 4, and the conclusions are 204 

presented in Section 5. 205 

2 Problem statement and method overview  206 

The aim of the present investigation is to present results from an in-depth analysis of decentralized polygeneration to service a 207 

building complex with energy commodities such as comfort cooling, heating, and power. This polygeneration system is described 208 

below, along with a reference system using conventional, separate generation technologies. The reference system is of importance 209 

to conclude on cost and environmental benefits from using polygeneration. Some key equations of the mathematical model are 210 

mentioned below, with additional details given in Appendices A, B, and C.  211 

2.1 The reference system  212 

A schematic of the reference system used in the present work is depicted in Figure 1. In this system, the utility grid provides the 213 

electricity demand, a boiler is allocated for heating purposes, and a conventional electric chiller satisfies the cooling demand. No 214 

thermal storage is incorporated. The total fuel consumption of the system is the sum of the fuel consumption of the boiler and 215 

utility grid. Both the grid and the boiler are fired by natural gas. For the utility grid, the power plant is assumed similar to the 216 

centralized power plant in the region.  217 
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Figure 1 The reference system configuration 219 

The electric chiller power demand rate (𝑃𝐸𝑐ℎ
𝑅𝑒𝑓

) in kW can be calculated as follows:  220 

𝑃Ech
Ref(𝑡) =

𝐶dem(𝑡)

𝐶𝑂𝑃Ech

 (1) 

where 𝐶dem is the building’s cooling demand (kW) and 𝐶𝑂𝑃Ech is the coefficient of performance (COP) of the electric chiller.  221 

For the gas-fired boiler, the equivalent energy of the fuel consumption (𝐹boiler
Ref ) in kWh can be calculated from the following 222 

expression: 223 

𝐹boiler
Ref (𝑡) =

𝐻dem_dir(t) × Δ𝑡

ƞboiler
Ref

 (2) 

where ƞboiler
Ref  is the efficiency of the boiler and 𝐻dem_dir is the heat demand (kW) of the building.  224 

The required power from the grid (kW) and the equivalent energy of the fuel consumption (kWh) by the grid, 𝐹𝑔𝑟𝑖𝑑
𝑅𝑒𝑓

(𝑡), are given 225 

as follows: 226 

𝑃grid
Ref (𝑡) = 𝑃dem_dir(𝑡) + 𝑃Ech

Ref(𝑡) (3) 

𝐹grid
Ref (𝑡) =

𝑃grid
Ref (𝑡) × Δ𝑡

ƞel
Grid × ƞdl

Grid
 

(4) 

where 𝑃grid
Ref  is the amount of electricity provided by the grid, Pdem_dir is the electricity used directly in the building excluding the 227 

power demand of the electric chiller, ƞel
grid

 is the total efficiency of the power plant, ƞdl
Grid is the efficiency of the grid which takes 228 

into account the distribution and transmission losses, and Δ𝑡 is the time step. 229 

The total equivalent energy of the fuel consumption (kWh) is the sum of the above equivalent energy of the fuel consumption as 230 

follows: 231 

𝐹tot
Ref(t) = 𝐹boiler

Ref (t) + 𝐹grid
Ref (t) (5) 

where, 𝐹tot
Ref is the equivalent energy of the total fuel consumption of the reference system.  232 

In this study, the amount of CO2 reduction has been used as an environmental index. An emission conversion factor has been used 233 

to estimate the total amount of CO2 emissions of the reference system (𝐶𝑂2tot
Ref) and is determined as follows: 234 

𝐶𝑂2tot
Ref(𝑡) = µCO2,f

𝐹boiler
Ref (𝑡) × Δ𝑡 + µCO2,g

𝑃grid
Ref (𝑡) × Δ𝑡 (6) 

where µ𝐶𝑂2,𝑓
 and µ𝐶𝑂2,𝑔

 are the emission conversation factors [47],[48] of the fuel and the grid, respectively.  235 

2.2 The polygeneration energy system 236 
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A block diagram of the overall polygeneration system is presented in Figure 2. This system consists of several power, heating, and 237 

cooling units. PV units, wind turbines, and CHP units are the power generation units. The exhaust gas of the CHP is recovered in 238 

heat recovery units (HRU) to accommodate the heating demand. The heating demand can also be covered by a solar heating unit 239 

(SHU) and/or a boiler. Any excess heat is stored in a heat storage and discharged as needed. 240 

The cooling demand is provided by an electric chiller and/or a thermal chiller. The required heat for the thermal chiller is provided 241 

by CHP units, solar heating units, heat storages, or a combination of these, while the heat from the boiler is never used directly for 242 

cooling purposes. The flexibility of the model allows the system to be operated in an island mode without any dramatic changes in 243 

the energy flow model.  244 

 245 

Figure 2 The schematic of the polygeneration system 246 

Here, the energy flow model that handles the power, heating, and cooling balance of the polygeneration system along with the CO2 247 

emissions balance is briefly described. Details of the mathematical model of the components and the economic metrics are 248 

explained in Appendices A, B, and C. 249 

2.2.1 Power balance  250 

For the electrical power, the power demand in the buildings is balanced by the power supplied from the grid, PV panels, wind 251 

turbines, CHP units, the battery charge and discharge rate, the exported power to the grid, and the excess power as shown in 252 

equation (7). 253 

𝑃dem(𝑡) = 𝑃g,imp
Poly

(t) + 𝑃pv
Poly

(t) + 𝑃wind
Poly

(𝑡) + 𝑃chp
Poly

(𝑡) + 𝑃bat,out
Poly

(𝑡) − 𝑃g,exp
Poly

(𝑡) − 𝑃bat,in
Poly

(𝑡) − 𝑃excess
Poly

(𝑡) (7) 

where, 254 

 𝑃g,imp
Poly

 and 𝑃g,exp
Poly

are the imported and exported electricity from/to the grid, respectively; 255 

 𝑃pv
Poly

, 𝑃wind
Poly

, and 𝑃chp
Poly

 are the electricity generated by the PV modules, wind turbines, and CHP units, respectively; 256 

 𝑃dem is the building’s electricity demand, including the electricity demand of the electric chiller and the parasitic 257 

electricity consumption of the system, such as fans and pumps, including the absorption chiller’s pump; 258 

 𝑃excess
Poly

 is the excess electricity in case the electricity cannot be sold to the grid or stored in the battery; and 259 
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 𝑃bat,in
Poly

 and 𝑃bat,out 
Poly

are the amount of power input/output to/from the electric storage. 260 

2.2.2 Heating balance  261 

On the heating side, the heating demand is balanced by the heat from CHP units, the boiler, solar heating units, the amount of heat 262 

charged/discharged to/from the storage, and the excess heat as shown in equation (8). 263 

𝐻dem(t) = 𝐻boiler
Poly

(𝑡) + 𝐻chp
Poly

(𝑡) + 𝐻hs,out
Poly

(𝑡) + 𝐻shu
Poly

(𝑡) − 𝐻hs,in
Poly

(𝑡) − 𝐻excess
Poly

(𝑡) (8) 

where, 264 

 𝐻boiler
Poly

, 𝐻chp
Poly

, and 𝐻shu
Poly

are the heat production by the boiler, CHP units, and solar heating units, respectively; 265 

 𝐻dem is the total heating demand, including the heating demand of the thermal chiller; and 266 

 𝐻hs,out
Poly

 and 𝐻hs,in
Poly

 are the amount of discharged and charged heat from/to the heat storage, respectively, and 𝐻excess
Poly

 is the 267 

amount of excess heat in case the heat storage is full. 268 

If the storage is full, the amount of excess heat, which is mainly from CHP units, is discarded to the ambient air through an exhaust 269 

gas bypass unit rather than passing it through the HRU.  270 

2.2.3 Cooling balance  271 

The cooling demand is balanced by the generated cooling from the electrical and thermal chillers and discharge/charge rate from/to 272 

the cold storage as shown in equation (9). 273 

𝐶dem(𝑡) = 𝐶Ech
Poly

(𝑡) + 𝐶Tch
Poly

(𝑡) + 𝐶cs,out
Poly

(𝑡) − 𝐶cs,in
Poly

(t) (9) 

where, 274 

 𝐶Ech
Poly

and 𝐶Tch
Poly

 are the generated cooling by the electric chiller and thermal chiller, respectively; 275 

 𝐶dem is the building’s cooling load; and 276 

 𝐶cs,out
Poly

 and 𝐶cs.in
Poly

 are the amount of discharged and charged cooling from/to the cold storage, respectively.  277 

2.2.4 Fuel demand 278 

The total equivalent energy of the fuel consumption of the polygeneration energy system, 𝐹tot
Poly

, consists of the fuel consumed by 279 

the boiler, the CHP, and it is also associated with the electricity imported from the grid as show in equation (10). 280 

𝐹tot
Poly

= 𝐹boiler
Poly

+ 𝐹grid
Poly

+ 𝐹chp
Poly

 (10) 

where 𝐹boiler
Poly

 and 𝐹chp
Poly

 are the fuel consumption by the boiler and the CHP unit, respectively. 281 

The equivalent energy of the fuel consumption of the power taken from the utility grid 𝑃g,imp
Poly

 is determined by the following 282 

equation:  283 

𝐹grid
Poly

=
𝑃g,imp

Poly
(𝑡) × Δ𝑡

ƞ
el

grid
× ƞ

dl

grid
 

(11) 

where ƞel
grid

 is the total efficiency of the power plant of the reference system and 𝜂dl
grid

 is the efficiency of the grid, which takes into 284 

account the distribution and transmission losses, and 𝛥𝑡 is the time step of the simulation. 285 

2.2.5 CO2 emissions  286 

The total CO2 emissions of the polygeneration system is the summation of the CO2 emissions produced by burning the fuel in the 287 

boiler and the CHP unit, and additional CO2 emissions due to importing electricity from the grid. However, if the emission factor 288 

of the produced electric power by the polygeneration system is lower/higher than the grid, there will be an avoided/added emission 289 

caused by the exported electricity. 290 

Based on the above, the total CO2 emissions of the polygeneration system (𝐶𝑂2tot
Poly ) can be calculated from the following equation: 291 
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𝐶𝑂2tot
Poly = 𝜇CO2,f

(𝐹boiler
Poly

+ 𝐹chp
Poly

) + 𝜇CO2,g
𝑃g,imp

Poly
(𝑡) × Δt +  𝑃g,exp

Poly
(𝑡) × (𝜇CO2,poly

− 𝜇CO2,g
) × Δ𝑡 (12) 

where µCO2,f
 and µCO2,g

 are the emission conversation factors ([47,48]) of the fuel and the grid, respectively, and µCO2poly
is the 292 

specific emission factor of the generated electric power by the polygeneration system.  293 

The specific emission factor of the generated electric power by the polygeneration system (𝜇𝐶𝑂2,𝑝𝑜𝑙𝑦,𝑒𝑙
) is the ratio of the CO2 294 

emissions that pertain to the electricity produced by the CHP system to the total electricity produced by the polygeneration system 295 

during a one-year operation. These CO2 emissions are basically the total CO2 emissions of the CHP system minus the CO2 emission 296 

related to the supplied heat to the system. This specific emission factor can be calculated from the equation below: 297 

𝜇CO2,poly,el
= ∑

(𝐹chp
Poly

− 𝐹chp,h
Poly

) × 𝜇CO2,f

(𝑃pv
Poly

(t) + 𝑃wind
Poly

(t) + 𝑃chp
Poly

(𝑡)) × Δ𝑡

𝑡=8760

𝑡=1

 (13) 

where 𝐹chp,h
Poly

 is the equivalent energy of the fuel consumption. This value is related to the heat used in the building or stored in the 298 

storage. The excess heat discarded into the environment is not included. Therefore, a higher amount of excess heat results in a 299 

higher specific emission factor and, consequently, negatively influences the performance of the system. 300 

2.2.6 Operating strategies 301 

Operation of a polygeneration system includes a number of technologies, some of which use renewable energy with an intermittent 302 

nature, and therefore, it requires a comprehensive control strategy. The control can be investigated from two different perspectives: 303 

the dynamic control and the dispatch control [49]. The dynamic control acts on the quality of the power, such as voltage and 304 

frequency, while the dispatch control, usually known as the operating strategy, deals with the energy flows within the system [49]. 305 

In a dispatch strategy, the interaction between various components is determined in the control algorithm. The energy flow from 306 

various components, the dynamics of the demand loads, excess energy, and charging and discharging of the storages are some of 307 

the terms concerned in a dispatch strategy. In polygeneration systems, the dispatchability of the prime movers allows for the 308 

integration of renewable-based units such as PV modules, solar heating units, or wind turbines. Prime movers can be operated to 309 

provide a base load to fulfill the electricity or the thermal demand, which is the base of the most common operating strategies as 310 

clarified below: 311 

 Following thermal load (FTL) 312 

In the case of the FTL for a CHP system, the prime mover will provide all the heat demand. However, in the case of a CCHP 313 

system, part of the cooling demand might be provided by a thermal chiller. Therefore, the equivalent heat load, which is the 314 

summation of the heating demand of the building and the required heat for the thermal chiller, is introduced to the model as the 315 

total heat demand [50].  316 

 Following electric load (FEL) 317 

In the case of the FEL for a CHP system, the prime mover will provide all the electricity demand as shown in Figure 3. However, 318 

in the case of a CCHP system, part of the cooling demand might be provided by an electric chiller. Therefore, the equivalent electric 319 

load, which is the building’s power demand plus the required power by the electric chiller, is introduced to the model as the total 320 

electricity demand [50].  321 

 Modified base load (MBL) 322 

The MBL is a simpler version of the FEL in its nature. In this strategy, the generated power by the CHP is limited to a base load 323 

as well as the amount of power demand, whichever is the lowest. This means that if the power demand is higher than the base load, 324 

the rest of the electricity demand will be purchased from the grid, and if it is lower than the base load, the CHP generation follows 325 

the electricity demand as shown in Figure 3. Then, the CHP will be operated at the nominal power to cover a base load as long as 326 

the generated electricity from the CHP is below or equal to the electricity demand. This is done in order to avoid excess power as 327 

much as possible. 328 
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(a) (b) 

Figure 3 FEL operating strategy for a 400 kWel CHP unit (a) and MBL operating strategy for a 200 kWel CHP unit (b) 329 

2.2.7 Working principle of the operating strategies  330 

The working principle of the operating strategies is based on the design objectives. As mentioned previously, the aim of the model 331 

is to design a semi–self-sufficient energy system while increasing the share of renewable energy. Since the focus here is a semi–332 

self-sufficient system, generating extra electricity intentionally in order to make a profit by participating in the day-ahead market 333 

is not considered here. Therefore, the role of the grid is mostly for power balancing if the electric storage cannot perform the 334 

balancing or if there is no electric storage in the system.  335 

The operating strategies are explained in the following steps: 336 

1. Determine the heat and power produced by renewable sources, which are 𝑃𝑝𝑣
𝑃𝑜𝑙𝑦

, 𝑃𝑤𝑑
𝑃𝑜𝑙𝑦

, and 𝐻𝑠ℎ𝑢
𝑃𝑜𝑙𝑦

 (Appendix A, equations 337 

(A. 3), (A. 4) and, (A. 7)).  338 

2. Subtract the renewable heat and power from the heat and electricity demand, and provide the remaining by following the 339 

steps below: 340 

a) For all the strategies, discharge the cold storage if there is a cooling demand. The remaining cooling demand will be 341 

provided by a thermal chiller and/or an electric chiller, according to the cooling demand ratio, C𝑑𝑒𝑚,𝑟𝑎𝑡𝑖𝑜, as explained 342 

in Section 2.4. This determines the total electric and heating demand, including the demand of the cooling devices.  343 

b) FTL strategy: discharge the heat storage if there is a heating demand and turn on the CHP units to fulfill the remaining 344 

thermal demand. If there is excess heat, first use it to generate cooling and to charge the cold storage if there is unused 345 

storage capacity, and then charge the thermal storage. If there is a heat deficit, turn on the boiler. If there is excess 346 

power, first charge the battery and then export it to the grid. If there is a power deficit, first discharge the battery and 347 

then import from the grid.  348 

c) FEL strategy: discharge the electric storage if there is a power demand and turn on the CHP units to fulfill the electric 349 

demand. If there is excess power, first use it for extra cooling production if there is a cooling demand, then charge 350 

the battery, and (as the last option), export it to the grid. In case there is a power deficit, primarily discharge the 351 

battery and then import from the grid if there is a remaining demand. Use the recovered heat, and if there is a heat 352 

deficit, first discharge the heat storage and then turn on the boiler. 353 

d) MBL strategy: discharge the electric storage if there is power demand and turn on the CHP units to provide a base 354 

load, but limit the CHP power production to the power demand. If there is excess power, first use it for extra cooling 355 

production and charge the cold storage if there is unused storage capacity, then charge the battery, and (as the last 356 

option), export it to the grid. If there is a power deficit, first discharge the battery and then import from the grid. Use 357 

the recovered heat, and if there is a heat deficit, first discharge the heat storage and then turn on the boiler. 358 

For further clarification, the flow diagram of the FEL strategy is shown in Figure 4. First, the cold storage is discharged if there is 359 

a cooling demand. The remaining demand will be provided by a thermal chiller and/or electric chiller. This determines the total 360 

electric and thermal demand, including the demand of cooling devices. The electric demand is initially covered by renewable inputs 361 

and the remaining demand is first covered by the battery and then by the CHP. The heating demand is initially met by the solar 362 

heating units and the heat from the CHP units. If there is a heat deficit, it will be provided by a boiler. If there is excess heat, it will 363 

charge the heat storage. 364 
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 365 

Figure 4 Control flow diagram of the FEL operating strategy  366 

2.3 Performance evaluation criteria  367 

A multi-dimensional evaluation of a polygeneration system is usually implemented by comparing its performance with a reference 368 

system regarding energy, economy, and the environment, the so-called 3-E analysis [51], which is used in the present investigation. 369 

2.3.1 Energy evaluation 370 
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The fuel saving ratio (FSR), presented in some studies as the primary energy saving ratio (PESR), is a metric used to compare the 371 

equivalent energy of the fuel consumption of the polygeneration system with the reference system. This index can be calculated 372 

by the following equation:  373 

𝐹𝑆𝑅 =
𝐹tot

Ref − 𝐹tot
Poly

𝐹tot
Ref

= 1 −
𝐹tot

Poly

𝐹tot
Ref

 

(14) 

where 𝐹tot
Ref and 𝐹tot

Poly
 are the equivalent energy of the fuel consumption of the reference and the polygeneration energy system, 374 

respectively.  375 

2.3.2 Environmental evaluation  376 

In this study, the CO2 emission reduction ratio (CO2ERR) has been used as an environmental index. An emission conversion factor 377 

has been used to estimate the amount of CO2 emissions of the reference system, which can be determined as follows: 378 

𝐶𝑂2𝐸𝑅𝑅 =
𝐶𝑂2tot

Ref − 𝐶𝑂2tot
Poly

𝐶𝑂2tot
Ref

= 1 −
𝐶𝑂2tot

Poly

𝐶𝑂2tot
Ref

 

(15) 

where 𝐶𝑂2tot
Ref and 𝐶𝑂2tot

Poly are the amount of CO2 emissions by the reference and the polygeneration system, respectively.  379 

2.3.3 Economic evaluation 380 

The economic feasibility can be estimated using several metrics, such as net present value (NPV), internal rate of return (IRR), 381 

annualized total cost (ATC), and payback period (PBP) [52]. None of these metrics are flawless, and often, at least two or more 382 

such criteria are needed to draw good conclusions with regards to economic feasibility [52], [53]. For example, the PBP does not 383 

give any information about the economy of the project after the breakeven point. In addition, the IRR has the advantage over the 384 

NPV for competitive analysis, since it can be used to rank investments on several projects having different lifetimes and initial 385 

costs [52]. 386 

All the mentioned metrics are used in the economic analysis of the polygeneration system; however, only the ATC is implemented 387 

in the objective function of the optimization problem as described in equation (16). Details on the calculations of the other metrics 388 

are summarized in Appendix C. 389 

The ATC of the project that includes all the expenditures during its lifetime is expressed as follows:  390 

𝐴𝑇𝐶 = 𝐶𝑜𝑠𝑡cap,a + 𝐶𝑜𝑠𝑡om,a + 𝐶𝑜𝑠𝑡rep,a +  𝐸imp,cost
grid

− 𝐸exp,cost 
grid

 (16) 

where 𝐶𝑜𝑠tcap,a, 𝐶𝑜𝑠𝑡om,a, and 𝐶𝑜𝑠𝑡rep,a are the annualized capital cost, operation and maintenance cost, and replacement cost, 391 

respectively, while 𝐸imp,cost
grid

 and 𝐸exp,cost 
grid

 are the costs of importing and exporting from/to the grid during one year of operation.  392 

𝐶𝑜𝑠𝑡cap,a can be calculated by the following equation:  393 

𝐶cap,a = 𝐶𝑅𝐹 ∗ 𝐼𝐶𝐶 (17) 

where 𝐶𝑅𝐹 is the capital recovery factor, which is a term used to calculate the annuity for a particular period, usually the project’s 394 

lifetime (Nproj). CRF is given as follows: 395 

𝐶𝑅𝐹 =
𝑖 ∗ (1 + 𝑖)𝑁proj

(1 + 𝑖)𝑁proj − 1
 

(18) 

where i is the real interest rate. 396 

The real interest rate includes the inflation rate (fr) for a specified nominal interest rate (i’) and is calculated as follows:  397 

𝑖 =
𝑖′ − 𝑓𝑟

1 + 𝑓𝑟
 

(19) 

To perform an economic comparison between the polygeneration system and the reference system, the ATCSR ratio is formulated 398 

as follows: 399 
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𝐴𝑇𝐶𝑆𝑅 = 1 −
𝐴𝑇𝐶tot

Poly

𝐴𝑇𝐶tot
Ref

 

(20) 

where 𝐴𝑇𝐶tot
Ref and 𝐴𝑇𝐶tot

Poly
 are the ATC of the reference and the polygeneration system through its lifetime. 400 

2.4 Optimization problem formulation 401 

To formulate an optimization problem, the decision-making variables and the objective function are defined based on the decision-402 

making criteria. The decision-making variables are the number and size of each component and the cooling demand ratio 403 

(𝐶𝑑𝑒𝑚,𝑟𝑎𝑡𝑖𝑜). The cooling demand ratio is the ratio of cooling demand provided by the electric chiller to the total cooling demand 404 

at each time step. This variable is between zero and one, and constant during the optimization process. This approach has been 405 

used in other studies resulting in reasonable solutions [25][24].  406 

The surplus heat and power will be used for cooling purposes through the thermal chiller and the electric chiller, respectively. 407 

Therefore, there might be extra cooling produced at each time step. This extra cooling will be stored in the cold storage. Hence, 408 

the ratio of total cooling production by the electric chiller to total cooling production might change at each time step. This ratio is 409 

called cooling production ratio (𝐶𝑝𝑟𝑜𝑑,𝑟𝑎𝑡𝑖𝑜).  410 

In the objective function, the three performance criteria, FSR, CO2ERR, and ATCSR, have been integrated using a weighted factor 411 

method to formulate an integrated saving ratio (ISR) criterion as defined in equation (21). Since increasing the ISR is desirable, 412 

the objective function is formulated as a minimization problem as follows: 413 

𝐼𝑆𝑅 = 𝑤1 ∗ 𝐹𝑆𝑅 + 𝑤2 ∗ 𝐶𝑂2𝐸R𝑅 + 𝑤3 ∗ 𝐴𝑇𝐶𝑆𝑅 (21) 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 (
1

𝐼𝑆𝑅
) 

(22) 

where 𝑤1, 𝑤2, and 𝑤3 are the weighting factor of each criterion. Usually the default (starting point) weighting factors are assumed 414 

equal to 1/3. This approach has been practiced in various studies, resulting in accepted solutions [25,34,54]. However, since the 415 

economy has an important role in promoting a polygeneration system, in this study, a higher weighing factor is given to the 416 

economy criterion. As default, the economic weighting factor is assumed 0.5 and the others are 0.25, since the FSR and CO2ERR 417 

are interdependent and one partially implies the other one. However, to increase the effect of one criterion, the value of its weighting 418 

factor can be increased. Alternatively, the weighting factors can be optimized in another optimization algorithm to achieve a certain 419 

objective. Optimization of the weighting factor is beyond the scope of this study but can be considered in future work. 420 

2.4.1 Optimization process  421 

The complex nature of the energy flow model and the non-linearity caused by efficiency variations of the CHP at various part-422 

loads demand advanced optimization techniques to find the optimal solution. Population-based algorithms are well suited for 423 

solving the complex optimization problem. As previously discussed in the introduction, the PSO is selected as the optimization 424 

technique for its efficiency through its exploitation and exploration abilities and easier implementation compared to the GA. The 425 

PSO invokes the natural behavior of particles. Introduced by Kennedy and Eberhart [55], it was initially inspired by the social 426 

behavior of flocking populations [56].  427 

The optimization process is shown schematically in Figure 5. Using the PSO, the optimization starts with several initial random 428 

populations (swarms) of decision variables. These random populations will be sent to the energy flow model for feasibility 429 

evaluation. Based on the energy balance and the operating strategy, the energy flow model determines the feasible solutions and 430 

transfers them to the performance analysis part. For each population, the value of the cost function will be determined based on the 431 

evaluation criteria, and it will be passed on to the optimization algorithm. The optimization algorithm will archive the best solution 432 

of each population called the personal best (Pbest) as well as the global best (Gbest) of all time, which will be used for updating 433 

the populations in each iteration. This process will be repeated until the stop criteria are satisfied. Details on the PSO are available 434 

in the original work [55]. 435 

 436 

 437 
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 438 

Figure 5 Optimization model schematic  439 

2.4.2 Constraints 440 

The optimization problem is constrained to the following requirements: 441 

 Considering the energy balance, the system should be able to fulfill the heating, cooling, and electricity demand at each 442 

time step. Therefore, the supplied heating, cooling, and electricity at each time step are constrained to equations (23) to 443 

(25).  444 

𝐻𝑆𝑢𝑝(𝑡) = 𝐻𝑏𝑜𝑖𝑙𝑒𝑟
𝑃𝑜𝑙𝑦 (𝑡) + 𝐻𝑐ℎ𝑝

𝑃𝑜𝑙𝑦(𝑡) + 𝐻ℎ𝑠,𝑜𝑢𝑡
𝑃𝑜𝑙𝑦 (𝑡) + 𝐻𝑠ℎ𝑢

𝑃𝑜𝑙𝑦(𝑡) − 𝐻ℎ𝑠,𝑖𝑛
𝑃𝑜𝑙𝑦(𝑡) − 𝐻𝑒𝑥𝑐𝑒𝑠𝑠

𝑃𝑜𝑙𝑦 (𝑡) − 𝐻𝑑𝑒𝑚
𝑃𝑜𝑙𝑦

(𝑡) (23) 

𝑃𝑠𝑢𝑝(𝑡) = 𝑃𝑔,𝑖𝑚𝑝
𝑃𝑜𝑙𝑦

(𝑡) + 𝑃𝑝𝑣
𝑃𝑜𝑙𝑦

(𝑡) + 𝑃𝑤𝑖𝑛𝑑
𝑃𝑜𝑙𝑦

(𝑡) + 𝑃𝑐ℎ𝑝
𝑃𝑜𝑙𝑦

(𝑡) + 𝑃𝑏𝑎𝑡,𝑜𝑢𝑡
𝑃𝑜𝑙𝑦

(𝑡) − 𝑃𝑔,𝑒𝑥𝑝
𝑃𝑜𝑙𝑦

(𝑡) − 𝑃𝑏𝑎𝑡,𝑖𝑛
𝑃𝑜𝑙𝑦

(𝑡) − 𝑃𝑒𝑥𝑐𝑒𝑠𝑠
𝑃𝑜𝑙𝑦

(𝑡)−𝑃𝑑𝑒𝑚
𝑃𝑜𝑙𝑦

(𝑡) (24) 

𝐶𝑑𝑒𝑚(𝑡) = 𝐶𝐸𝑐ℎ
𝑃𝑜𝑙𝑦(𝑡) + 𝐶𝑇𝑐ℎ

𝑃𝑜𝑙𝑦(𝑡) + 𝐶𝑐𝑠,𝑜𝑢𝑡
𝑃𝑜𝑙𝑦 (𝑡) − 𝐶𝑐𝑠,𝑖𝑛

𝑃𝑜𝑙𝑦(𝑡) − 𝑃𝑒𝑥𝑐𝑒𝑠𝑠
𝑃𝑜𝑙𝑦

(𝑡) (25) 

where the subscripts sup and dem stand for supply and demand load.  445 
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 Since the part-load operation of the CHP can influence its efficiency, emissions, and lifetime, its operation has been 446 

constrained to the minimum part-load factor according to the manufacturer’s recommendation.  447 

min P𝐿𝑐ℎ𝑝 ≤ 𝑃𝐿𝑐ℎ𝑝
𝑃𝑜𝑙𝑦(𝑡) ≤ 1 (26) 

where min 𝑃𝐿𝑐ℎ𝑝 is the minimum allowable part-load factor, and 𝑃𝐿𝑐ℎ𝑝
𝑃𝑜𝑙𝑦(𝑡) is the part-load factor at time step t.  448 

 Other components can be operated anywhere between 0% and 100% of their nominal load factor. 449 

 The optimization is constrained to the characteristics of the operating strategies embedded in the energy flow model as 450 

explained in Section 2.2.6 and Figure 4. 451 

 The decision variables are constrained to the provided search space. In the provided search space, the available space and 452 

area should be considered, especially for bulky components such as storages and the solar units.  453 

 Energy storage devices are limited to their maximum and minimum SoC. Furthermore, the input and output to the storages 454 

are limited to a maximum charge rate, which is dependent on the technical characteristics of the storage.  455 

3 Case study description  456 

To investigate the full potential of the proposed polygeneration system with the inclusion of as many components as possible, the 457 

case study should have a heating, cooling, and electricity demand. In addition, for economic feasibility, the price of electricity in 458 

the selected region should be relatively high, such that there would be great interest in alternative generating solutions. Looking at 459 

the European region, the price of electricity including tax and value-added tax (VAT) in the household sector in Italy is among the 460 

five most expensive countries, with an average electricity price of 0.23 EUR per kWhel for household consumers during the second 461 

half of 2016 [57]. Furthermore, Northern Italy has heating, electricity, and cooling demands at various time periods of the year, 462 

which make the use of a polygeneration system interesting.  463 

3.1 Input data  464 

The demand load profile characteristics (i.e., the existence of and variations in cooling, heating, and electricity demands, the peak 465 

power to heat ratio, and hourly/yearly load fluctuations) have a significant impact on the system operation and, consequently, on 466 

the optimal solution. Therefore, to properly evaluate and analyze the design of a polygeneration system applied to a case study, the 467 

load should be estimated properly. Determining the load demand is usually based on measured data or synthetically generated by 468 

a model. In both alternatives, comprehensive data collection, data analysis, and post-processing are required. This is out of the 469 

scope of this work, and therefore, the load characteristics of the case study are based on data available in the literature, which are 470 

slightly modified in order to match the application.  471 

The demand profile of this case study is based on the load representative of a multi-family house located in a moderate four-season 472 

climate zone with electricity, heating, and cooling demands. The load profile is the aggregated load of a hypothetical building 473 

complex consisting of four buildings, each with 40 single-family apartments located in the Italian climate zone E [58]. The daily 474 

normalized loads of the building, which align with the load demand of a typical Italian residential building, have been obtained 475 

from other studies carried out by Barbieri et al. [59] and Bianchi et al. [60], and the data provided by the EURECO project [61]. 476 

The data shown in Figure 6 is normalized data. In order to generate the load profile, the data provided by Barbieri et al. [59], with 477 

a few minor modifications based on other studies [60,62–64], have been used. The modifications consist of adapting available data 478 

for a single- or double-family house to a building complex. More specifically, for each apartment, the value of peak power demand 479 

is assumed to be 2 kW, and the value of peak cooling demand is assumed to be 3 kW, which is slightly higher than the values 480 

mentioned in those studies. The power demand is assumed to be constant during the year; however, the space heating value changes 481 

on a monthly basis [59]. The annual load demand of the case study, with one-hour time steps used for the simulation, is shown in 482 

Figure 7. The average load demand and weather data for each month has been used as representative of one day in that month, 483 

meaning that all the days during one month have identical demands and weather profiles. The weather data, including temperature, 484 

wind speed, and solar irradiation on an hourly basis, are taken from the TRNSYS database [65]. 485 

In this study, the analysis is performed for a one-year operation using one-hour time steps (8,760 hours). The peak power, heating, 486 

and cooling demands of the building are 320 kWel, 1,510 kWth, and 480 kWc, respectively. The aggregate electricity, heating, and 487 

cooling demands during a one-year operation are 1,682 MWhel, 1,996 MWhth, and 346 MWhc, respectively. Regarding the 488 

economic evaluation, the project’s lifetime is considered to be 20 years with an interest rate of 6% and an inflation rate of 2%. The 489 

operating strategy is assumed to be the MBL operating strategy, since its operation is slightly simpler than the other strategies, 490 

making it suitable for illustrative and descriptive explanations as well as for verification purposes.  491 
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 492 

Figure 6 Peak demand for a typical family house in Italian climatic zone E [59] 493 

 494 

Figure 7 Annual demand for the building  495 

Other input data to the simulation model are presented in Table 1 to Table 4, including the technical specifications of the 496 

components, their initial costs and maintenance costs, the unit price of electricity and natural gas in the market, and the optimization 497 

search space. In this case study, a micro gas turbine has been selected as the prime mover since micro gas turbines (MGTs) generate 498 

less noise and vibration in comparison with internal combustion engines. Furthermore, the level of NOx emissions in MGTs is 499 

relatively lower than that of combustion engines. Capstone 200 [66] is a commercially available MGT that matches the demand of 500 

the case study; therefore, it has been chosen as the prime mover in this case study.  501 

Table 1 Technical specification of each component 502 

Component Parameter value 

CHP 

Nominal electrical efficiency (%)[66–68] 26–34 

Heat recovery unit thermal efficiency (%) 85 

Heat loss in the CHP unit (%) 3 

Boiler Thermal efficiency (%) 80 

PV System Module efficiency (%) 16 
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Inverter efficiency (%) 98 

Wind Turbine 

Nominal power of one turbine (kWel) 20 

Cut-in/out/rated speed (m/s)[69] 
4/16/1

1 

Solar thermal  Optical efficiency at standard condition  0.8 

Thermal storages 
Loss coefficient of the storage at each time step 

(%) 
2  

Heat/cooling 

distribution 

Cooling coil thermal efficiency (%) 98 

Heating coil thermal efficiency (%) 98 

Battery Storage 

Round-trip efficiency (%) 90 

Minimum/maximum SoC (%) 20/90 

Thermal Chiller[70] Coefficient of performance (COP) 0.7 

Electric Chiller Coefficient of performance (COP) 3 

In Table 1, the technical characteristics of the components are described. Regarding the CHP, its efficiency changes depending on 503 

the size and load factor as shown in Appendix B. Furthermore, to avoid running the CHP at low part-load, the CHP is never 504 

operated below a 30% load factor. For a load factor between 15% and 30%, the CHP is operated at 30%, and if it is below 15%, 505 

the CHP is not operated.  506 

The outdoor temperature significantly affects the efficiency and the maximum power of the MGT. These effects are shown in the 507 

manufacturer’s technical data sheets [71]. The effects are applied in the model by introducing efficiency and power factors as 508 

shown in Figure 7. As an example, if the design inlet temperature is 15 °C, operating the MGT at an inlet temperature of 30 °C 509 

results in a power factor of 96.24% and an efficiency factor of 86%. This means that the efficiency of the turbine is 96.2% of the 510 

nominal efficiency, and the maximum power output is 86% of the nominal power of the turbine. The efficiency of the solar thermal 511 

units and PV units mentioned in Table 1 are given for standard conditions. In the model, the efficiencies change depending on the 512 

outdoor temperature and solar radiation, according to the equation described in Appendix A: Details of the mathematical model. 513 

 514 

Figure 8 The efficiency factor and power factor for the off-design temperature difference  515 

The capital and maintenance costs of the components are shown in Table 2. Most of the costs are assumed to be constant; however, 516 

the cost of critical components, including the MGT and chillers, are relatively high and vary significantly according to their size, 517 

which can significantly affect the optimization result. The costs of typical MGTs are assumed to vary, ranging from 1,200 USD/kW 518 
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to 2,450 USD/kW, depending on its capacity as shown in Error! Reference source not found.. The capital costs of the thermal 519 

chillers and electric chillers range from 150 USD/kW to 700 USD/kW, depending on the type and capacity as shown in Error! 520 

Reference source not found..  521 

Table 2 The capital and operation and maintenance costs of the components*  522 

Component Capital Cost Unit  Maintenance 

Cost 

unit 

PV system 2,000  USD/kWel 4  USD/kW-yr 

Heat storage [72] 20  USD/kWh 0.002  USD/kWh-yr 

Cold storage [73] 30  USD/kWh 0.002  USD/kWh-yr 

Solar collector [74] 250 USD/m2  0. 5  USD/m2-yr 

Wind turbine 4,000 USD/kWel 25  USD/kW-yr 

Boiler 80 USD/kWth 0.003  USD/kWth 

Battery storage 350  USD /kWth 0.002  USD/kWhel 

CHP (Micro gas turbine) [18], 

[75] 

1200–2450 USD/kWel 0.005-0.016 USD/kWhel 

Thermal chiller [76], [77], [18] 230–700 USD/kWc 0.001  USD/kWc 

Electric chiller [77],[78] 150–380 USD/kWc 0.001  USD/kWc 

*Costs are valued according to the mentioned references and accessible online data 

 523 

The initial cost of solar heating units varies significantly around the world by a factor of 10, ranging from USD 250/kWth to USD 524 

2,400/kWth [74]. Here, it is assumed that the solar collectors are flat plate collectors (FPC) with an average price of 250 USD/m2, 525 

including the hydraulic and installation costs, which account for 10% of the capital cost of the collectors.  526 



 

 

 

21 

 

 

 

 527 

Figure 9 Investment cost of typical micro gas turbines  528 

  
(a) (b) 

Figure 10 Initial cost of typical electric chillers (a) and thermal chillers (b) 529 

The electricity price is based on a hypothetical tariff using a ToU pricing method, meaning that the electricity price varies for off-530 

peak, average, and peak hours as described in Table 3. The feed-in tariff price of electricity is assumed 0.12 USD/kWh, and the 531 

natural gas price is assumed 0.08 USD/kWh, which is based on the household consumers’ price in the Italian market [79].  532 

Table 3 Unit price of electricity* and natural gas 533 

 Purchase 

Electricity 

sell 

Natural Gas 

[15] , [79] 
Hours 

(22:00-5:00)  

(8:00-11:00) 
(17:00-22:00) 

(5:00-8:00) 

(11:00-17:00) 

Unit price (USD/kWh) 0.18 0.24 0.22 0.12 0.08 

* A hypothetical electricity tariff based on the ToU method for off-peak, average, and peak hours. The tariff is created 

by the author with consideration of the current residential power market in Italy [57], [15]. 

Regarding the emission evaluation, the standard emission factors are 0.202 kg CO2/kWh for natural gas consumption and 0.485 kg 534 

CO2 /kWh for the utility grid in Italy [48]. Based on the standard emission factors, emissions of the renewable components are 535 

zero.  536 

The optimization search space for each component is limited to the data provided in Table 4. The maximum values are assumed 537 

based on the limited area (PV modules and solar thermal collectors) or limited space (thermal storages). The other values are 538 

assumed based on the maximum demand of the building, considering a high margin for searching for more alternatives.  539 

Table 4 Value of the optimization search space 540 

Component Search space 
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min max 

Wind turbine (kWel) 0 500 

CHP (micro gas turbine) 

(kWel) 

0 1,000 

Battery storage (kWhel) 0 500 

Thermal chiller (kWc) 0 700 

Boiler (kWth) 0 2,000 

Electric chiller (kWc) 0 700 

Heat storage (kWh) 0 3,000 

Cold storage (kWh) 0 3,000 

PV modules (kWel) 0 460 

Solar collector (m2/kWth) 0 600/420 

3.2 Scenario description 541 

To investigate the applicability of the model for the optimization of polygeneration energy systems, six design scenarios have been 542 

identified. Systematic alterations of the input variables should result in reasonable solutions, and the direction of the changes in the 543 

result should be as one would expect to observe in a real system.  544 

In the reference scenario, a boiler is used for heating purposes and the electricity demand, including the power demand of the 545 

electric chiller, is provided by the grid. In scenarios 1 to 6, various components are added systematically. The configurations of the 546 

reference system and the six optimization scenarios are shown in Table 5. 547 

Table 5 System configuration for the reference system and the proposed scenarios  548 

Components 
Ref Scenarios 

 1 2 3 4 5 6 

CHP unit (natural gas-driven) _ x x x x x x 

Boiler (natural gas-driven) x x x x x x x 

Electricity from/to grid  x x x x x x x 

Electric chiller x x x x x x x 

Heat storage (HS) _ _ x x x x x 

Thermal chiller  _ _ _ x x x x 

Cold storage (CS) _ _ _ x x x x 

Solar heating unit (SHU) _ _ _ _ x x x 

PV module _ _ _ _ _ x x 

Battery _ _ _ _ _ - x 

Wind turbine  _ _ _ _ _ _ x 

4 Results and discussion 549 

The optimization model is carried out on an hourly basis over a one-year time period for each design scenario, while the economic 550 

evaluation is performed over the lifetime of the project. The optimal solutions are shown in Table 6. As stated in the case study 551 

description, the MBL is chosen as the operating strategy for the mentioned reasons. The performance of these scenarios relative to 552 

the reference system is shown in Figure 11 and analyzed further in order to investigate the effect of various components on the 553 

optimal results and performance of the polygeneration system. In addition, the excess heat reduction of each scenario compared to 554 

scenario 1 is presented in Figure 12. Later, the hourly operational behavior of scenario 6 for 24 hours over the selected simulation 555 

period, June 15, is organized. Scenario 6 is chosen in order to perform a detailed evaluation of the polygeneration energy system 556 

that includes the highest number of components. At the end, the feasibility aspects of this scenario are analyzed.  557 
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4.1 Optimal solution of each scenario  558 

The optimal solution for each scenario based on one year of operation of the model is shown in Table 6. The economic calculation 559 

is performed over the lifetime of the project, and the performance of each scenario is shown in Figure 11. As shown, there is neither 560 

a battery nor a wind turbine in any of the optimal results due to the high cost of batteries and wind turbines as well as the low 561 

amount of wind in the region. The optimal sizes of the CHP and boiler in all scenarios are the same. In scenario 1, the performance 562 

of the system in comparison with the reference scenario has increased. A fuel saving reduction of 10.6%, a CO2 emissions reduction 563 

of 5.2%, and an ATC reduction of 3.5% are achieved. 564 

In scenario 2, the optimal solution includes a thermal storage since it increases the performance of the system. The thermal storage 565 

results in a 2.8% fuel consumption reduction, a 3.1% CO2 emissions reduction, a 2.5% ATC reduction, and a 23.8% excess heat 566 

reduction in comparison with scenario 1, which does not have a thermal storage.  567 

In scenario 3, the thermal chiller and cold storage are included in the optimal solution since these two components can exploit the 568 

excess heat for cooling purposes. In this scenario, the size of the electric chiller is smaller than the previous scenarios, since part 569 

of the cooling demand is provided by the heat from the CHP through the thermal chiller. In this scenario, the fuel consumption, 570 

CO2 emissions, ATC, and excess heat are reduced by approximately 4.1%, 3.9%, 2.5%, and 34.2%, respectively, in comparison 571 

with scenario 2. This shows the importance of exploiting the heat for cooling purposes.  572 

In scenario 4, the electric chiller is excluded from the optimal solution, since the cooling demand can be fulfilled entirely by the 573 

thermal chiller using the exhaust heat of the CHP and the heat from the solar thermal units. Since the available heat from the power 574 

production by the CHP can fulfill part of the heating demand, the size of the thermal heater is relatively low. Hence, it does not 575 

add significant value to the performance of the system, and there are only small differences between scenarios 3 and 4.  576 

In scenario 5, the PV modules and battery are introduced into the model. The battery is not included in the optimal solution due to 577 

its high cost. PV modules, however, are included in the system since they provide significant benefits to the system. In this scenario, 578 

the fuel consumption, CO2 emissions, ATC, and excess heat are reduced by 19.8%, 22.7%, 10%, and 17.7%, respectively, in 579 

comparison with scenario 4. In this scenario, a large solar thermal system is included in the optimal solution, since part of the 580 

power demand is provided by the PV modules, which consequently decreases the available exhaust heat from the CHP unit. 581 

Therefore, the solar thermal unit can contribute to the heat production while increasing the performance of the system. Due to the 582 

power production by the PV units, the electric chiller can exploit this power; hence, it is included in the optimal solution. In scenario 583 

6, the wind turbine is introduced; however, due to the high capital cost of the wind turbine and low amount of available wind in 584 

the region, it is not included in the optimal solution.  585 

Table 6 Optimal solution of each design scenario  586 

Components Scenarios 
 

1 2 3 4 5 6 

PV moduels (kWel) - - - - 460 460 

Wind (kWel) - - - - - - 

CHP (kWel) 200 200 200 200 200 200 

Boiler (kWth) 1,245 1,245 1,245 1,245 1,245 1,245 

Battery (kWel) - - - - - - 

Electric chiller (kWc) 481 481 141 - 182 182 

Thermal chiller (kWc) - - 225 253 195 195 

Cooling demand ratio (-) 1.0 1.0 0.4 0.0 0.5 0.5 

Heat storage (kWh) - 1,605 1,618 1,622 1,572 1,572 

Cold storage (kWh) - - 1,859 1,726 2,068 2,068 

Solar thermal (m2) - - - 137 600 600 
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 587 

Figure 11 Annual fuel saving ratio (FSR), CO2 emission reduction ratio (CO2ERR), annualized total cost saving ratio (ATCSR) 588 

and integrated saving ratio (ISR) of the optimization scenarios 589 

 590 

Figure 12 Excess heat reduction in each optimization scenario relative to the previous scenario  591 

4.2 Heat, cold, and power flows – an in-depth study of polygeneration over 24 hours 592 

To have a better understanding of the operation of the system and for verification purposes, the operational behavior of the optimal 593 

solution of scenario 6 (six) over one representative day (June 15) with an hourly resolution (24 hours) is examined. This day is 594 

chosen due to the co-existence of power, heating, and cooling demands as well as high solar irradiation during this month, giving 595 

a more comprehensive picture of the behavior of the system. The hourly operational behavior of the model considering the cooling, 596 

heating, and power flow for the representative day is shown in Figure 13, Figure 14, and Figure 15, respectively. 597 

The cooling flow is presented in Figure 13. Based on the operating strategy, the cold storage is discharged initially, and the 598 

remaining cooling demand is provided by the electric chiller and thermal chiller. As shown, during the night, the cooling demand 599 

is relatively low while the heat from the power production is relatively high. During the day, there is an excess of power from the 600 

PV units (Figure 13). The excess heat and power are used to produce cooling through the thermal and electric chillers, which is 601 

stored in the cold storage.  602 
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 603 

Figure 13 Cooling flow for the representative day: cooling demand (C_dem), provided cooling by the electric and thermal 604 

chiller (C_prod_Ech, C_prod_Tch), and the cooling to/from the cold storage (C_cs_in, C_cs_out) 605 

 606 

Figure 14 Heat flow for the representative day: provided heat by the CHP and solar thermal units (H_chp, H_shu), heat used for 607 

cooling purposes (H_for_cooling), heating demand (H_dem_h), and heat flow to/from the storage (H_hs_in, H_hs_out) 608 

As described in the operating strategy, the power produced by the renewable energy is prioritized over the other power sources. 609 

Therefore, the power demand should initially be provided by the PV modules, and the remaining power should be provided by the 610 

CHP, as occurs, for example, at 08:00 (Figure 15). The operation of the model is based on the MBL operating strategy, meaning 611 

that the power generation by the CHP is limited to a base load where the CHP is running at the nominal power (200 kWel in this 612 

test case), and the remaining power is imported from the grid, for example, at 22:00. However, according to the MBL operating 613 

strategy, to avoid excess power, the power production follows the power demand as long as it is below the base load (e.g., at 03:00). 614 
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 615 

Figure 15 Power flows for the representative day: power from/to the grid (P_grid_imp/ P_grid_exp), generated power by the 616 

CHP units and PV modules (P_chp and P_pv), total power demand (P_dem_tot), excess power used by the electric chiller to 617 

produce extra chilling (P_to_Ech_extra) 618 

The above analysis shows the complex interaction of various components, the correct implementation, and the reliability of the 619 

model along with its potential benefits. Moreover, it demonstrates the importance of the thermal chiller and thermal storages in 620 

decreasing the excess heat and increasing the power self-consumption.  621 

4.3 Feasibility aspects  622 

To show the reliability of the optimization model and its potential, as well as present the feasibility aspects of small-scale distributed 623 

polygeneration systems, the economy of each scenario has been investigated using the PBP, IRR, and NPV as presented in Table 624 

7. The PBP for the first scenario is nine years. Adding the heat storage has significant economic benefits and the payback time is 625 

reduced to seven years. Adding the thermal chiller and cold storage (scenario 3) not only has environmental benefits but also 626 

slightly improves the economy of the system. The PBP is reduced from seven to six years compared to scenario 2, while the CO2 627 

emissions, fuel consumption, and excess heat are reduced 3.9%, 4.1%, and 34.2%, respectively. The differences between the 628 

performance of the polygeneration system in scenarios 3 and 4 are negligible.  629 

Table 7 Economy of the polygeneration system 630 

Economic metrics 

Scenario 

1 2 3  4 5  6 

Payback period (year) 9 7 6 6 8 8 

Internal rate of return (%)  9.7   14.1   16.4   16.8   10.1   10.1  

Net Present Value (USD)  317,382   539,242   811,753   827,761  1,730,685  1,730,685  

Annualized total cost (USD)  635,418 619,207  599,294  598,124  532,146 532,146 

The PBP of scenario 5, which includes PV units and solar thermal units, is two years more than scenario 4. However, it shows 631 

significant environmental benefits compared to the previous scenarios. The high initial costs of the PV and solar thermal units are 632 

nearly canceled out by the avoided cost of a fuel purchase and the cost of natural gas, which is relatively high in Italy. In addition, 633 

the relatively high cost of electricity in the Italian market makes the installation of solar panels economically attractive.  634 

The nominal interest rate of 6% and an inflation rate of 2% result in a real interest rate of 4%. Therefore, all the scenarios are 635 

considered economically viable since the value of the IRR is higher than the real interest rate (Table 7). However, to consider the 636 

amount of cash flow after the breakeven point, the NPV of the project should also be investigated. As mentioned in Appendix C, 637 

the avoided cost of not using the reference system and the profit from exporting electricity to the grid are considered in the NPV. 638 

-200

-100

0

100

200

300

400

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24P
o

w
er

 (
kW

)

Time (hour)

POWER FLOW - JUNE

P_dem_tot P_chp P_pv
P_grid_imp P_grid_exp P_ext_Ech



 

 

 

27 

 

 

 

The value of the NPV for the last two scenarios increased significantly compared to the other scenarios. Despite the higher capital 639 

cost of these scenarios, the benefits of the avoided electricity purchase from the grid as well as lower natural consumption by the 640 

CHP and boiler result in the economic viability of these scenarios. Scenario 3 is attractive in terms of economy since it has a high 641 

value of IRR and relatively low PBP. However, scenarios 5 and 6 present significant CO2 emissions reductions while not having 642 

substantial negative impacts on the economy. Here, one can also contemplate the ability of scenarios 5 and 6 to make a more self-643 

sufficient energy system, maximizing the use of solar energy. The results show that the polygeneration energy system, regardless 644 

of the scenario’s characterization, is beneficial in terms of energy, economy, and the environment.  645 

5 Conclusion 646 

In this paper, a model for optimization of complex polygeneration systems consisting of various types of small-scale energy 647 

technologies has been presented. The results verify that the model can be used as a framework that effectively determines the 648 

optimal design of a polygeneration system. The application of the model to a case study, which is a residential building complex 649 

located in northern Italy, indicates that implementation of the polygeneration system has significant energetic, economic, and 650 

environmental benefits.  651 

The results promote the integration of heat storages into the polygeneration system, since their integration has decreased the PBP 652 

by approximately two years while also decreasing fuel consumption and CO2 emissions. Furthermore, adding a thermal chiller 653 

along with a cold storage has improved the performance of the system. These emphasize the importance of employing heat storages 654 

as well as a thermal chiller in a polygeneration system. The integration of PV and solar thermal units has decreased fuel 655 

consumption by approximately 37.5% compared to the reference scenario, while it does not show significant negative impacts on 656 

the economy of the system compared to the scenarios without solar thermal units.  657 

In future investigations, the model will be used to investigate the effects of operating strategies, load characteristics, and climate 658 

zones on the optimal design and performance of polygeneration systems.  659 
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 859 

Appendix A: Details of the mathematical model  860 

 PV modules 861 

In this study, a simple method for calculating the solar power output throughout the year is used [80]. The performance of solar 862 

cells is highly dependent on the cell temperature. To consider the effects of temperature, the cell temperature has been calculated 863 

using the Nominal Operating Cell Temperature (NOCT) proposed by Evans in 1981 [81]. An ambient temperature of 20 C, a 864 

wind speed of 1 m/s, and an irradiance (G) of 800 (W/𝑚2) has been assumed for the NOCT calculation[81]. 865 

The solar cell operating temperature in real conditions is given by the following equation:  866 

𝑇cell_real(𝑡) = 𝑇amb(𝑡) +
(𝑁𝑂𝐶𝑇−𝑇ref)×𝐺(𝑡)

𝐺ref
, (A. 1) 

where 𝑇𝑎𝑚𝑏(𝑡) is the ambient temperature at time t, 𝑇𝑟𝑒𝑓  is the standard operating condition (here 20 C), 𝐺(𝑡) is the solar irradiance 867 

(W/m2) at time t, and 𝐺𝑟𝑒𝑓  is the solar irradiation (W/m2) in standard conditions.  868 

The total efficiency of the PV installation, including the fill factor and the efficiency of the power conditioning unit in real 869 

conditions, ƞ𝑝𝑣_𝑟𝑒𝑎𝑙(𝑡), can be calculated from the following equation:  870 

ƞpv_real(𝑡) = ƞpv_nom × (1 − (𝑇cellreal
(𝑡) − 𝑇ref) × 𝑇coef) (A. 2) 

where ƞpv_nom is the nominal efficiency of the panel at the standard condition and 𝑇coef is the temperature coefficient, which 871 

considers the effect of temperature changes on the power output of a solar panel. The value of 𝑇coef depends on the type of the 872 

solar panel. The value for the most typical solar cells in the market is about 0.5%/C.  873 

The generated power by a solar panel at time t, 𝑃pv
Poly

(𝑡), is given as follows:  874 

𝑃pv
Poly(𝑡) = 𝐴𝑟𝑒𝑎PV × ƞpv_real

(𝑡) × 𝐺(𝑡) ×  ƞinv (A. 3) 

where 𝐴𝑟𝑒𝑎PV is the area of the PV panel, and ƞinv is the efficiency of the inverter.  875 

 Wind Turbine 876 

The turbine power output, 𝑃wind
Poly

, can be calculated from the following expression [82]:  877 

𝑃wd
Poly(𝑡) = { 

(a × V(𝑡)3 − b) × Prated, Vci <  𝑉(𝑡) < Vr

Prated Vr < 𝑉(𝑡) < Vco

0 Otherwise

 

(A. 4) 

where Prated is the rated power output, 𝑣𝑐𝑖  is the cut-in speed, and 𝑣𝑐𝑜 is the cut-off speed. The parameters a and b are determined 878 

by the following equations: 879 

𝑎 =
1

𝑉𝑟
3−𝑉𝑐𝑖

3 ; 𝑏 =
𝑉𝑐𝑖

3

𝑉𝑟
3−𝑉𝑐𝑖

3 880 

 Boiler  881 

Assuming a constant efficiency for the boiler, the heat output can be calculated by the following expression: 882 

𝐹boiler
Poly

=
𝐻dem(𝑡) × Δ𝑡

ƞboiler
Poly

 
(A. 5) 

where ƞboiler
Ref is the efficiency of the boiler, and ƞhc

Poly
 is the heating coil efficiency. 883 

 Solar Heating Unit (SHU) 884 

The efficiency of the SHU and the heat output of the unit are given by the following equations extracted from solar district heating 885 

guidelines [83]. 886 

ƞth
shu(𝑡) = ƞnom

shu − a1 ×
Tmean,shu

− Tamb(𝑡)

G(𝑡) × 1000
− a2 ×

Tmeanshu
− Tamb(𝑡)2

G(𝑡) × 1000
 

(A. 6) 
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Hshu
Poly

(𝑡) = Ashu × ƞshu(𝑡) ∗ G(𝑡) (A. 7) 

where  887 

 𝑎1 and 𝑎2 are the 1st and 2nd order heat loss coefficients; 888 

 ƞth
shu(𝑡) is the efficiency of the SHU at time t, ƞnom

shu  is the maximum efficiency if there is no heat loss; 889 

 𝑇meanshu
 and 𝑇𝑎𝑚𝑏(𝑡) are the mean temperature of the SHU and the ambient temperature, respectively; and 890 

 𝐴𝑠ℎ𝑢 is the area of the SHU and 𝐺(𝑡) is the total irradiance on the surface area. 891 

 Combined Heat and Power (CHP) 892 

The heat output at time t and the equivalent energy of the fuel consumption of  the CHP can be calculated by the following 893 

equations: 894 

𝐻chp
Poly(𝑡) = 𝑃chp

Poly(𝑡) × Δ𝑡/ƞel
chp

(𝑡) ∗ (1 − ƞel
chp

(𝑡)) ∗ ƞhru
chp

∗ ƞhc
Poly

 (A. 8) 

𝐹chp
Poly

= 𝑃chp
Poly

(𝑡) × Δ𝑡/ ƞel
chp

(𝑡) (A. 9) 

where ƞhc
Poly

 is the efficiency of the heating coil, and ƞhru
chp

 is the thermal efficiency of the HRU. 895 

 Cooling Unit  896 

Two types of cooling devices can be chosen by the model during the optimization process. The performance of the cooling unit is 897 

simply determined by its COP. The cooling energy provided by the thermal chiller and the electric chiller can be calculated by the 898 

expression below: 899 

𝐶Tch
Poly(𝑡) = COPTch

Poly
× 𝐻Tch

Dem(𝑡) (A. 10) 

𝐶Ech
Poly(𝑡) = 𝐶𝑂𝑃Ech

Poly(𝑡) × 𝑃Ech
Dem(𝑡) (A. 11) 

 Heat and Cold Energy Storage 900 

By applying the energy balance equations, the energy stored in the storage (E) is equal to the energy stored in the previous time 901 

step plus the energy into and out of the storage at the current time step. This is given by the following equations:  902 

𝐸hs
Poly(𝑡 + 1) = (1 − Ԑ) × 𝐸hs

Poly(𝑡) + 𝐻hs,in
Poly

(𝑡) × Δ𝑡 − 𝐻hs,out
Poly

(𝑡) × Δ𝑡 (A. 12) 

𝐸cs
Poly(𝑡 + 1) = (1 − Ԑ) × 𝐸cs

Poly(t) + 𝐶cs,in
Poly(t) × Δ𝑡 − 𝐶cs,out

Poly
(t) × ΔT (A. 13) 

where Ԑ is the loss coefficient of the storage at each time step.  903 

 Battery Bank 904 

The total capacity of the battery can be calculated as follows [84] [85] : 905 

𝐸bat
Poly(𝑡 + 1) = 𝐸bat

Poly(𝑡) + 𝑃bat,in
Poly (𝑡) × ƞbat × Δ𝑡 −

𝑝bat,out
Poly (𝑡)

ƞbat

× Δ𝑡 

(A. 14) 

 

where 𝐸bat
Poly(𝑡) is the electric energy stored in the battery at time t, 𝑃bat,in

Poly (𝑡) and 𝑃bat,out
Poly (𝑡) are the charge and discharge rate of the 906 

battery, and ƞ𝑏𝑎𝑡 is the round-trip battery efficiency.  907 

The SoC of the battery 𝐵𝑎𝑡𝑆𝑂𝐶 (𝑡) should always be more than the minimum allowable and maximum allowable SoC of the battery 908 

as it is presented below: 909 

𝐵𝑎𝑡𝑚𝑖𝑛
𝑆𝑂𝐶 ≤ 𝐵𝑎𝑡𝑆𝑂𝐶(𝑡) ≤ 𝐵𝑎𝑡𝑚𝑎𝑥

𝑆𝑂𝐶
 (A. 15) 
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Appendix B: Efficiency curve 910 

At the moment, Capstone can provide a wide range of MGT-based CHP ranging from 30 kWel to 1000 kWel. The 1,000 kWel gas 911 

turbine is based on parallel installations of several Capstone 200 [68]. Based on the efficiency curve of the two MGTs, MGT 912 

Capstone 30 [67] and MGT Capstone 200 [71], the following equations have been extracted, which can estimate the efficiency of 913 

an MGT at part-load for an MGT between 15 to 30 kWel with the first equation and between 30 to 200 kW with the second equation.  914 

 915 

ƞ𝑒𝑙,15−30
𝑐ℎ𝑝 (𝑡)

= 𝑞5 × 𝑃𝐿𝑐ℎ𝑝(𝑡)5 + 𝑞4 × 𝑃𝐿𝑐ℎ𝑝(𝑡)4 + 𝑞3 × 𝑃𝐿𝑐ℎ𝑝(𝑡)3 + 𝑞2 × 𝑃𝐿𝑐ℎ𝑝(𝑡)2 + 𝑞1 × 𝑃𝐿𝑐ℎ𝑝(𝑡) + 𝑞0 + (𝐶𝐻𝑃𝑛𝑜𝑚𝑝𝑜𝑤𝑒𝑟

− 30) × 3/15 

(B. 1) 

ƞ𝑒𝑙,30−200
𝑐ℎ𝑝 (𝑡) = 𝑝3 × 𝑃𝐿𝑐ℎ𝑝(𝑡)3 + 𝑝2 × 𝑃𝐿𝑐ℎ𝑝(𝑡)2 + 𝑝1 × 𝑃𝐿𝑐ℎ𝑝(𝑡) + 𝑃0 + (𝐶𝐻𝑃𝑛𝑜𝑚_𝑝𝑜𝑤𝑒𝑟 − 30) × 04.3/100 (B. 2) 

where ƞ𝑒𝑙
𝑐ℎ𝑝

(𝑡) is the efficiency of CHP, 𝑃𝐿𝑐ℎ𝑝  is the part-load factor of the CHP and p0 to p3 and q0 to q5 are the coefficient 916 

factors presented in Table B 1. 917 

Table B 1.Non-linearity load factor 918 

Equation (B. 2), 15-30 kWel q5=48.35, q4=-177.2, q3=264.1, q2=-210.5, q1=97.09, q0=4.2 

Equation (B. 2), 30-200 kWel p3=36.02, p2=-86.65, p1=70, p0=5.6 

Based on the data provided by Capstone and the above-mentioned equations, the efficiency curves of Capstone 30 and 200 and for 919 

the two estimated sizes (15 and 120 kWel ) have been demonstrated in Figure B. 1. 920 

 921 

Figure B. 1 Efficiency Curve of Capstone Micro Gas Turbines [67]  922 

 923 

Appendix C: Economic evaluation 924 

 Net Present Value (NPV) 925 

The net present value (NPV) is the difference between the sum of the discounted annual cash flow through the lifetime of the 926 

project and the total initial capital cost (ICC). All expenditures during the lifetime of the project, such as the capital cost, operation 927 

and maintenance cost, replacement cost, cost of purchasing energy from another energy system, and all penalties, are included in 928 

the NPV. All the revenues, such as income from selling energy, tax reduction benefits, avoided costs by not using the reference 929 

system, and any salvage, are also included in the NPV. The amount of net present cost (NPC) is the same value as the NPV but 930 

with an opposite sign. NPV can be calculated by the following equation:  931 
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𝑁𝑃𝑉 = −𝐼𝐶𝐶 + ∑ 𝑁𝐶𝐹𝑛
𝑃𝑜𝑙𝑦

× 𝑃𝑉𝐹(𝑛)

𝑁

𝑛=1

 

(C. 1) 

where 𝑁𝐶𝐹𝑛
𝑃𝑜𝑙𝑦

 and PVF(n) are the net cash flow and the present value factor at each time period, and 𝐼𝐶𝐶 is the total initial capital 932 

cost.  933 

PVF is used to calculate the present value of the cash flow of the project in the future and is given as follows: 934 

𝑃𝑉𝐹(𝑛) =
1

(1 + 𝑖)^𝑛
 

(C. 2) 

where i is the real interest rate. 935 

The real interest rate includes the inflation rate (fr) for a specified nominal interest rate (i’) and is calculated as follows:  936 

𝑖 =
𝑖′ − 𝑓𝑟

1 + 𝑓𝑟
 

(C. 3) 

 Internal Rate of Return (IRR) 937 

The internal rate of return (IRR) is another metric used for analyzing the profitability of a project as well as an index to compare it 938 

with other projects. In general, a project with a higher IRR is more desirable for investors. However, in a feasible project, the value 939 

of the IRR should be more than the real interest rate. The metric is given as follows: 940 

∑
𝑁𝐶𝐹𝑛

𝑃𝑜𝑙𝑦

(1 + 𝐼𝑅𝑅)𝑛

𝑁

𝑛=1

− 𝐼𝐶𝐶 = 0 

(C. 4) 

where 𝑁𝐶𝐹𝑛
𝑃𝑜𝑙𝑦

 is the net cash flow at year number n.  941 

 Payback Period (PBP) 942 

The payback period (PBP) is the number of years after which the investment reaches the breakeven point, and all the investment 943 

is recovered by the discounted cash flow during that time period. A project with a shorter PBP is usually more desirable; however, 944 

this criterion alone is not a reliable decision-making metric, and it should be used along with the NPV to consider the cash flows 945 

after the breakeven point. To calculate the PBP, the NPV equation should be equated to zero as expressed below: 946 

∑ 𝑁𝐶𝐹𝑛
𝑃𝑜𝑙𝑦

× 𝑃𝑉𝐹(𝑛) − 𝐼𝐶𝐶 = 0

𝑁

𝑛=1

 

(C. 5) 
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