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Abstract 

The residential sector plays an important role in the action to combat climate change and its impacts. Recent 

studies show that the integration of thermal and electrical systems allows to increase the share of renewable 

energy, and the reduction of CO2 emissions. Polygeneration systems lead to a reduction of economic costs and 

CO2 emissions with respect to the separate production of energy services, thanks to an adequate systems 

integration. Achieving such benefits requires an appropiate design procedure bearing in mind that the 

minimization of the economic costs is often opposite to the minimization of the environmental impact. The aim 

of this paper is to carry out the synthesis of a polygeneration system for a residential building located in Zaragoza 

(Spain) encompassing renewable energy, thermal energy storage and batteries, considering economic and 

environmental aspects. A mixed integer linear programming (MILP) model has been developed to obtain trade-

off solutions through the multiobjective optimization in two cases: grid connected and standalone systems. In both 

cases, five configurations of commercially available equipment were obtained, finding interesting solutions where 

significant CO2 emissions reduction were achieved with a small increasing in the economic cost. 

Keywords: Representative days, multiobejective optimization, polygeneration systems, MILP. 

 

1. Introduction 
A suitable energy process integration in polygeneration systems allows an effective way to achieve a lower 

consumption of natural resources, a reduction of CO2 emissions and pollutant emissions as well as economic 

savings relative to conventional separate production (Mancarella, 2014). To achieve it, two fundamental issues 

must be addressed in the design of polygeneration systems (Pina et al., 2017; Wakui and Yokoyama, 2015): the 

synthesis of the plant configuration (installed technologies and capacities, etc.) and the operational planning 

(strategy concerning the operational state of the equipment, energy flow rates, purchase/selling of electricity, etc.). 

However, finding the optimal configuration of polygeneration systems in building applications is a complex task, 

given the wide variety of technology options available and great diurnal and annual fluctuations in energy 

demands and energy prices (Tapia-Ahumada et al., 2013). Additional factors that increase the complexity are: (i) 

the incorporation of renewable energy technologies, such as wind turbines, photovoltaic panels and solar thermal 

collectors, which are characterized by intermittent behavior and non-simultaneity between production and 

consumption; (ii) the incorporation of energy storage, either electrical and/or thermal, which allow to decouple 

production from consumption; and (iii) conflicting objectives, as the minimization of environmental and economic 

costs. Therefore, a MILP has been developed to tackle such issues focused in the multiobjective synthesis of a 

polygeneration system for a residential building located in Zaragoza (Spain) integrating electrical and thermal 

systems, driven by conventional and renewable energies for two cases: Grid connected and standalone systems. 

To do this, firstly, a set of representative days, in order to reduce the computational effort, is selected considering 

the energy demands, renewable energy production and CO2 emissions, then the superstructure is defined 

considering the candidate technologies to cover the energy demands. Afterwards, the MILP model developed to 

carry out the multiobjective optimization is presented and finally, the trade-off solutions through the Pareto curve 

for both cases are analyzed. 

2. Description of the system  

A multifamily building composed of 12 dwellings, each one with 102.4 m2 of surface area and an average 

occupancy of 3 people per dwelling located in Zaragoza-Spain is studied. The annual space heating 𝑆𝐻𝑑, and 
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cooling 𝑅𝑑 demands are respectively 49,889 kWh and 14,008 kWh, corresponding to 41 and 11 kWh/m2 

respectively according to IDAE (2009). Their hourly distribution is calculated by applying the degree days method 

and an hourly function distribution (Ramos, 2012). Heating degree days (𝐻𝐷𝐷) and cooling degree days (𝐶𝐷𝐷) 

are calculated with base temperatures 𝑇𝑏ℎ = 15 ºC, for space heating and 𝑇𝑏𝑐=21 ºC, for cooling. These values 

were selected as being suitable for Spain (Valor, E., Meneu, V., Caselles, 2001). Ambient temperature data (𝑇𝑎𝑚𝑏), 

and the required climatic data, are obtained from the meteonorm database (Meteotest, 2017). In the case of 

domestic hot water (DHW), the total annual consumption of 367.9 m3 (IDAE, 2017), which is monthly distributed 

by applying a distribution factor (Viti, 1996). The energy required to heat the monthly volume of water is 

calculated considering the water network supply temperature (AENOR, 2005) and the required DHW temperature 

of 60 ºC established in the Spanish regulation (IDAE, 2017). Monthly energy is divided by days of the month and 

distributed by means of an hourly distribution function (Ramos, 2012). This procedure assumes that the hourly 

DHW energy demand 𝑄𝐷𝐻𝑊 is the same for every day of the month. In the case of electricity demand, the annual 

electricity demand for appliances and lighting is 35,267 kWh according to IDAE (2011a) which is monthly 

distributed by applying a distribution factor, which is divided by the days of the month and distributed by an 

hourly distribution function (Marín-Giménez, 2004), that considers different hourly consumption for each season, 

thus providing the hourly electricity demand 𝐸𝑑. The procedures briefly described above, provide the hourly 

demand data series of heating (𝑄𝑑), cooling (𝑅𝑑) and electricity (𝐸𝑑), where heating demand consists of space 

heating (𝑆𝐻𝑑) and DHW (𝑄𝐷𝐻𝑊). 

Available renewable energy resources are calculated beforehand. Hourly energy production per square meter of 

photovoltaic, EPV, and solar thermal, EST, are calculated using data manufacturers, according to the procedures 

described in (Duffie and Beckman, 2013). For photovoltaic technology PV, it has been considered polycrystalline 

modules of 255 Wp with the maximum point power efficiency 𝜂𝑚𝑝=0.1566 and the temperature coefficient of 

open-circuit voltage 𝜇𝑉𝑜𝑐=-0.32%/ºC (Atersa, 2017). In the case of solar thermal ST, collectors with optical 

efficiency 𝜂𝑜 = 0.801, and 1st and 2nd order heat loss coefficients of 𝑎1 =3.188 W/m2∙K, 𝑎2 =0.011 W/m2∙K2 

(Salvador Escoda S.A, 2017). For both PV and ST, the production has been calculated as a function of the solar 

radiation 𝐺𝑇 over a tilted surface at 36º and azimuth angle of 0º (Meteotest, 2017). Restriction due to shading is 

considered by applying the procedure described in (IDAE, 2011b). The area required to install PV and ST 

collectors is limited by the total area available in the multifamily building 400 m2. For wind energy technology 

PW, the production EPW has been calculated as a function of wind speed obtained from (Meteotest, 2017) and the 

production curve of a wind turbine of 3 kW of nominal capacity (Bornay, 2017) according to the procedure 

described in Manwell et al. (2009). 

2.1 Selection of representative days 

The timeframe of this case of study is one year, nevertheless, carrying out the optimization of dynamic energy 

systems by using hourly data for a whole year can become a computational demanding task, mainly when integer 

variables are involved. To tackle this issue, some strategies have been developed to define representative days 

(Domínguez-Muñoz et al., 2011; Poncelet et al., 2017), which allow to reproduce in a reasonable way the original 

data series of a whole year. To do this, every data series of energy demands and renewable energy production 

have to be considered simultaneously as well as CO2 emissions data series (in particular for the hourly CO2 

emissions associated to the electricity consumed in the case of grid connected system) in order to match every 

hourly data considered in the optimization process. Hourly CO2 emissions from the grid were  collected from Red 

Electrica de España (2017) where are available in a time scale of 10 minutes; however, as the analysis is carried 

out hourly, it has been taken the average hourly to this study. Besides, year 2016 had 366 days so the 29 February 

data have not been considered. In the standalone system, data collection of CO2 emissions is not required because 

these are only caused by the conventional equipment operation. In this study, we applied the k-medoid method 

(Domínguez-Muñoz et al., 2011) to select a set of twelve representative days (Nrep=12) to carry out the 

multiobjective optimization. Tab. 1 presents the representative days d along with their respective weights ω, 

which represents the number of times that has to be repeated d to approach to the original data series.  

Tab. 1. Representative days 

Month d ω Month d ω Month d ω 

January 5 21 May 150 36 October 299 31 

February 38 35 July 186 54 November 329 27 

April 116 40 July 191 26 December 344 24 

May 147 31 July 208 19 December 351 21 
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Scale factors were calculated and applied to the representative data to preserve the total energy demands, 

renewable energy production and CO2 emissions from the original data series without exceeding the extreme 

values. In addition, normalized root-mean-square error (NRMSE) which represents the distribution of values and 

their frequency of occurrence for every duration curve were calculated in order to verify the accuracy of the 

representative data. The NRMSE has been calculated for each data series and it has been verified to be below 5%, 

which are considered appropriated in accordance with similar works such as Poncelet et al., (2017). On the other 

hand, two additional days corresponding to heating and cooling extreme demands are taken into account with 

weight zero in order to assure the coverage of the energy services in all circumstances, with the corresponding 

impact on the annual fixed cost, but not on the annual operation cost. 

2.2 Superstructure definition including technical, economic and environmental data 

The superstructure depicted in the Fig. 1, considers the candidate technologies and the feasible connections 

between them in the polygeneration system for both cases: grid connected and standalone. The system is composed 

of an electrical and thermal part. The electrical part consists of photovoltaic modules PV whose electrical 

production WPV is a function of the modules area APV; wind turbines WT whose electrical production WW is the 

result of the unit production EPW multiplied by the number of turbines; inverter Inv which converts the direct 

current produced from renewable energy to alternating current, batteries Bat which can store electric energy and 

inverter-charger InvC which converts alternating current to direct current and conversely. The thermal part 

consists of conventional boiler GB that consumes fossil fuel Fb to produce heat; solar thermal collectors ST whose 

heat production QST is a function of the area AST; a single-effect absorption chiller ACH that uses heat and a small 

quantity of electricity to produce cooling; and finally thermal energy storage for heating TSQ and cooling TSR, 

which can charge/discharge thermal energy. Components such as cogeneration module CM, converting the energy 

of fossil fuels Fc into electricity Wc and heat Qc, and reversible heat pumps HP, converting the electrical energy 

EHP into thermal energy either heating QHP or cooling RHP, allow the integration of electric and thermal parts.   

From the point of view of operation, the electrical part considers a three-phase alternating current bus (ac-bus) 

with an operating voltage Vac of 230 V and a direct current bus (dc-bus) with an operating voltage Vdc of 96 V 

with a maximum operating current Imax-dc of 120 A. For the thermal part, a low temperature radiant heating indoor 

end system was considered, with operation temperatures about of 45 ºC, in addition, temperatures about 60 ºC are 

required for DHW. The required thermal energy for space heating and DHW can be provided by the heat pumps, 

solar thermal collectors, cogeneration module and boiler. In the case of cooling demands, temperatures of about 

7-12 ºC are considered, and the required energy can be provided by the reversible heat pumps and the absorption 

chiller. The activation temperature for the absorption chiller is about 88 ºC, which thermal energy is produced in 

the boiler and/or the cogeneration module. Reversible heat pumps can operate in heating or cooling mode, but it 

is not allowed their operation simultaneously in both modes. The operation ranges of temperature and voltage are 

verified for all the components in the system according to manufacturers’ catalogues. 

Technical data 

All technologies considered in the superstructure are commercially available. Main technical parameters obtained 

from the manufacturers’ catalogues are shown in Tab. 2. The equipment can modulate up to nominal load, except 
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for the non-manageable ones (PV, ST and PW), cogeneration module CM and batteries. Heat pump operates in 

heating mode assuming a constant coefficient of performance COP, or in cooling mode assuming a constant 

Energy Efficiency Ratio EER with a constant cooling/heating capacity ratio β. Both COP and EER have been 

estimated considering the operational temperature of the reservoirs expected for Zaragoza (Spain). In the case of 

the CM, reciprocating engines are not allowed to work below 30% of the nominal capacity, and the electrical and 

thermal productions are proportional to αw and αq factors respectively. For the inverter and inverter-charger, an 

oversizing factor 𝐹𝑖𝑛𝑣 is applied to size their capacity, and efficiency η is applied to consider their performance. 

Single effect absorption chiller operates with a constant COPACH. The performance ηGB of conventional boiler is 

assumed constant. Regarding thermal energy storage tanks, the energy stored 𝑆𝑞and 𝑆𝑟 for heating and cooling 

respectively, are calculated in each time step taking into account the energy losses by applying a 𝜆 factor. In the 

case of batteries, the round trip efficiency 𝜂𝑟𝑡, determines the energy losses during the charging and discharging 

process in each time step. Charging and discharging processes are not allowed simultaneously either in thermal 

energy storage tanks or in batteries. Further, maximum deep of discharge 𝐷𝑂𝐷 is defined for batteries to avoid 

premature failures. During the batteries lifetime operation, the number of charge-discharge cycles has to be lower 

than the maximum number of cycles that provoke the failure 𝑁𝑐,𝑓𝑎𝑖𝑙𝑢𝑟𝑒, indicated by the manufacturer. This is 

verified by applying the equivalent full cycle to failure ageing method described by Dufo-López et al. (2014). 

There are two technologies for batteries proposed for this study, ion lithium and lead acid, but in the optimal 

configuration, only one of them is selected. Models of capacity 𝑞, are applied to calculate their dynamic behaviour 

in the equipment. Ion lithium batteries capacity 𝑞𝑖𝑜𝑛, are modelled according to DiOrio et al., (2015), taking into 

account both, the maximum charge current Imax,c stablished by manufacturer and the charge ratio 𝛼𝑐 in A/Ah 

described by Homer Energy (2016). For lead acid batteries, the technology used for this study is the OPz batteries 

applying the KiBaM model (Manwell and McGowan, 1993), which requires three parameters, calculated on the 

basis of manufacturers’ data catalogues: 𝑘, the rate constant; 𝑐, the fraction of the capacity that may hold available 

charge; and the maximum capacity of the battery 𝑞𝑚𝑎𝑥, as a function of 𝑘 and 𝑐. Taking into account that this 

study is based on representative days, for both, thermal and electrical storage, the energy stored at the beginning 

of each representative day must be equal to the energy stored at the end of each representative day. 

Economic data 

The investment cost of every component is calculated from the unit cost 𝐶𝑢 and the installed capacity. Installation 

and maintenance costs are considered by applying the factor 𝐹𝑚. In order to calculate the fixed annual cost, a 

Capital Recovery Factor 𝐶𝑅𝐹=0.082 yr-1 is applied based on a lifetime of the installation of 20 years and an 

interest rate 𝑟 = 5% . However, some components have different lifetime 𝑛𝑟, hence, a net present value factor 

𝐹𝑁𝑃𝑉 is calculated for every component to consider the total repositions carried out during the lifetime of the 

installation. The indirect costs are considered by applying a factor 𝐹𝑖𝑛𝑑 of 0.2. For all investments, the Value-

Added Tax 𝑉𝐴𝑇, is applied, whose value for Spain case is 0.21. All economic data are shown in Tab. 2. 

In grid connected case, the polygeneration system has the possibility of selecting the required contracted power 

from the grid Pct below 15 kW, with a cost of cPct of 44.76 €/kW. A time-of-use tariff has been applied with three 

time periods with different cost of electricity purchased cpi: i) 0.195302 €/kWh from 14 to 23 hours; ii) 0.123573 

€/kWh at 1 hour, 24 hour and from 8 to 13 hours; and iii) 0.0091957 €/kWh from 2 to 7 hours. These tariffs apply 

for both winter and summer  (Endesa, 2017). Also it has been considered a meter equipment rental cost 𝐶𝑎𝑙𝑞 of 

16.32 €/yr and the electricity tax of 𝑇𝑎𝑥𝑒=0.05113. 

The natural gas NG contract depends on annual gas consumption. For our study, the tariff 3.2, which annual 

consumption must be below 50,000 kWh/yr has been considered. This has a fixed cost 𝐶𝑓𝑔 of 101.4 €/yr and a 

constant price 𝑐𝑝𝑁𝐺 of 0.04328 €/kWh (Endesa, 2017). Further, a meter equipment rental cost 𝐶𝑎𝑙𝑞−𝑔 of 15 €/yr 

is considered. In the case of standalone system only gasoil for heating GH with fixed price 𝑐𝑝𝐺𝐻 of 0.0613 €/kWh 

(Eurostat, 2017) has been considered.   

Environmental data 

In order to evaluate the environmental impact of the polygeneration system, it has been considered the unit CO2eq 

emissions embodied CO2U in every component of the superstructure based on the life cycle assessment LCA of 

every component (see Tab. 2), the CO2 emissions released due to the natural gas combustion considering a 

constant value of 0.252 kgCO2eq/kWh (IDAE, 2016) and the hourly CO2 emissions due to electricity consumption 

from the grid (Red Electrica de España, 2017). In the case of standalone system, CO2 emissions released due to 

the gasoil combustion were calculated considering a constant value of 0.311 kgCO2eq/kWh (IDAE, 2016). 
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Tab. 2. Technical, economic and environmental data  

Component 

j 
Technical data 

Economic data Environmental data 

References 
Cu [€/*] Fm 

nr 

[Years] 
CO2U [kgCO2eq/*] 

PV 
ηmp= 15.66% 

 𝜇𝑉𝑜𝑐=-0.32%/ºC 
113.4 €/m2 0.5 20 161 kgCO2eq/m2 

(Ardani et al., 2016; Atersa, 2017; 

Frischknecht et al., 2015; Fthenakis and 

Raugei, 2017; JUDELSA, 2017) 

PW Manufacturer curve 6404 €/ud 2 20 2160 kgCO2eq/ud 
(Bornay, 2017; Orrell and Poehlman, 

2017; Tremeac and Meunier, 2009) 

ST 

𝜂𝑜 = 0.801 

𝑎1 =3.188 W/m2K 

𝑎2 =0.011 W/m2K2 

254 €/ m2 1.5 20 95 kgCO2eq/m2 
(Guadalfajara, 2016; IDAE, 2011c; 

SALVADOR ESCODA S.A, 2017) 

GB ηb: 0.96 80 €/kWt 0.5 15 10 kgCO2eq/kWt (BAXI, 2017; Pina et al., 2017) 

HP 
COP=3.0, EER= 4.0, 

β=0.9 
500 €/kW 0.5 20 160 kgCO2eq/kWt 

(Beccali et al., 2016; ENERTRES, 2017; 

Pina et al., 2017) 

ACH COPACH= 0.7 485 €/kWt 1.5 20 165 kgCO2eq/kWt 
(Beccali et al., 2016; Pina et al., 2017; 

U.S. Department of Energy, 2017) 

CM αw= 0.28,αq= 0.56 1150 €/kW 0.7 10 65 kgCO2eq/kWe (Darrow et al., 2017; Pina et al., 2017) 

TSQ λ= 1% 376 €/kWh 
0.1 15 

31 kgCO2eq/kWht (BAXI, 2017; Beccali et al., 2016; ISSF, 

2015) TSR λ= 3% 752 €/kWh 62 kgCO2eq/kWht 

Bat Ion-Li 
ηrt=90%; DOD=80%;  

Nc,failure =8000;αc=0.4 
500 €/kWh 0.25 15 160 kgCO2eq/kWh 

(Cho et al., 2015; Parra et al., 2017; Peters 

et al., 2017) 

Bat Lead 

Acid 

ηrt= 70%; DOD=60%; 

Nc,failure=2000; k=0.11, 

c=0.53 

220 €/kWh 0.25 7 60 kgCO2eq/kWh 

(Cho et al., 2015; Hiremath, Mitavachan & 

Derendorf, Karen & Vogt, 2015; 

McManus, 2012; Parra et al., 2017) 

Inv 
ηinv= 96%, ηinvc= 94%, 

Finv=1.2 

400 €/kW 0.5 15 191 kgCO2eq/kW (Ardani et al., 2016; Frischknecht et al., 

2015; Fthenakis and Raugei, 2017; Fu et 

al., 2017; JUDELSA, 2017) 
InvC 774 €/kW 0.25 15 191 kgCO2eq/kW 

3. Optimization model 
A MILP model is developed using the software LINGO (LINDO Systems Inc, 2013) to carry out the 

multiobjective optimization. The two objective functions are: economic and environmental cost. In the case of the 

economic cost the objective is to minimize the total annual cost (eq. 1), consisting of the investment annual cost 

𝐶𝐼𝐴, and operational costs 𝐶𝑜𝑝.   

𝑀𝐼𝑁 = 𝐶𝐼𝐴 + 𝐶𝑜𝑝                                                                                                                                         (eq. 1) 

𝐶𝐼𝐴 = (1 + 𝑉𝐴𝑇) ∙ (1 + 𝐹𝑖𝑛𝑑) ∙ 𝐶𝑅𝐹 ∙ ∑ 𝐶𝑢𝑗 ∙ 𝐶𝑎𝑝𝑗 ∙ (1 + 𝐹𝑁𝑃𝑉𝑗) (1 + 𝐹𝑚𝑗
)𝑗=𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡                           (eq. 2) 

𝐶𝑜𝑝 = 𝐶𝐸 + 𝐶𝑔                                                                                                                                                   (eq. 3) 

In the grid connected system the operational cost is composed of the annual electricity purchased cost 𝐶𝐸 (eq. 4) 

(sell to the grid is not allowed) and the annual natural gas purchased cost 𝐶𝑔. The first term 𝐶𝐸,  has a fixed cost 

𝐶𝑓 (eq. 5) as a function of the contracted power from the grid 𝑃𝑐𝑡, which must be greater than the electricity 

purchased 𝐸𝑝 in any time 𝑡 (eq. 6) and a variable cost 𝐶𝑣 calculated by (eq. 7) according to time-of-use tariff and 

the weight of each representative day 𝜔𝑑. 

𝐶𝐸 = ((𝐶𝑓 + 𝐶𝑣) · (1 + 𝑇𝑎𝑥𝑒) + 𝐶𝑎𝑙𝑞) · (1 + 𝑉𝐴𝑇)                                                                                        (eq. 4) 

𝐶𝑓 = 𝑐𝑃𝑐𝑡 · 𝑃𝑐𝑡                                                                                                                                                 (eq. 5) 

𝑃𝑐𝑡 (𝑡) ≥ 𝐸𝑝(𝑡)                                                                                                                                                (eq. 6) 

𝐶𝑣 = ∑ 𝜔𝑑 ∙ (∑ 𝑐𝑝𝑖(𝑡) · 𝐸𝑝(𝑡)24
𝑡=1 )𝑑

𝑁𝑟𝑒𝑝

𝑑=1
                                                                                                           (eq. 7) 

The annual gas purchased cost is calculated by (eq. 8). This is composed of two fixed costs namely, 𝐶𝑓𝑔 and 

𝐶𝑎𝑙𝑞−𝑔, and a variable cost 𝐶𝑣𝑔 (eq. 9) which is proportional to the natural gas consumption 𝐹𝑁𝐺. In the case of 

standalone system there is not electricity consumption from the grid and 𝐶𝑔 refers only to the annual gasoil 

consumption in which there is not fixed cost associated, but variable cost 𝐶𝑣𝑔which is proportional to the gasoil 

consumption 𝐹𝐺𝐻.  

𝐶𝑔 = (𝐶𝑓𝑔 + 𝐶𝑎𝑙𝑞−𝑔 + 𝐶𝑣𝑔)(1 + 𝑉𝐴𝑇)                                                                                                             (eq. 8) 

𝐶𝑣𝑔 = ∑ 𝜔𝑑 ∙ (∑ 𝑐𝑝𝑁𝐺/𝐺𝐻 ∙ 𝐹𝑁𝐺/𝐺𝐻(𝑡)24
𝑡=1 )

𝑑

𝑁𝑟𝑒𝑝

𝑑=1
                                                                                               (eq. 9) 
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In the case of the environmental cost, the objective is to minimize the CO2 emissions (eq. 10). The environmental 

objective function is composed of a fixed part 𝐶𝑂2𝑓𝑖𝑥 corresponding to the CO2 emissions embodied in the 

components (eq. 11) and a variable part 𝐶𝑂2𝑜𝑝𝑒 corresponding to the CO2 emissions due to the conventional fuel 

consumption and/or electricity consumption from the grid during the operation system (eq. 12). 

𝑀𝐼𝑁 = 𝐶𝑂2𝑓𝑖𝑥 + 𝐶𝑂2𝑜𝑝𝑒                                                                                                                                (eq. 10) 

𝐶𝑂2𝑓𝑖𝑥 = ∑ 𝐶𝑂2𝑈(𝑗) ∙ 𝐶𝐴𝑃(𝑗) ∙ (1 + 𝑅𝑒𝑝𝑙𝑗)/𝑛𝑦𝑟𝑗                                                                                        (eq. 11) 

𝐶𝑂2𝑜𝑝𝑒 = ∑ 𝜔𝑑 ∙ (∑ (𝐶𝑂2𝑁𝐺/𝐺𝐻 ∙ 𝐹𝑁𝐺/𝐺𝐻(𝑡) + 𝐶𝑂2𝑔𝑟𝑖𝑑(𝑡) · 𝐸𝑝(𝑡))24
𝑡=1 )

𝑑

𝑁𝑟𝑒𝑝

𝑑=1
                                             (eq. 12) 

𝑅𝑒𝑝𝑙 is the number of replacements carried out during the lifetime of the installation for every component, 

𝐶𝑂2𝑁𝐺/𝐺𝐻 is the CO2 emissions associated to the combustion of the natural gas (grid connected system) or gasoil 

(standalone system) in kgCO2eq/kWh, and 𝐶𝑂2𝑔𝑟𝑖𝑑(t) are the CO2 emissions associated to the electricity from the 

grid in each hour, in kgCO2eq/kWh. 

Both, economic and environmental cost functions are minimized subject to: 

Balance equations: 

An energy balance is carried out in each node 𝑚 of the superstructure: 

∑ (𝐸𝑖𝑛
𝑚 − 𝐸𝑜𝑢𝑡

𝑚 )𝑚 = 0                                                                                                                                        (eq. 13)  

Equipment efficiency: 

GB: 𝜂𝐺𝐵 ∙ 𝐹𝑏 − 𝑄𝑏 = 0                                                                                                                                    (eq. 14) 

HP: 𝑄𝐻𝑃 − 𝐸𝐻𝑃 ∙ 𝐶𝑂𝑃 = 0                                                                                                                               (eq. 15) 

HP: 𝑅𝐻𝑃 − 𝐸𝐻𝑃 ∙ 𝐸𝐸𝑅 = 0                                                                                                                               (eq. 16) 

CM: 𝛼𝑤 ∙ 𝐹𝑐 − 𝑊𝑐 = 0                                                                                                                                      (eq. 17) 

CM: 𝛼𝑞 ∙ 𝐹𝑐 − 𝑄𝑐 = 0                                                                                                                                       (eq. 18) 

ACH: 𝑅𝑎𝑐ℎ = 𝐶𝑂𝑃𝑎𝑐ℎ ∙ 𝑄𝑎𝑐ℎ                                                                                                                           (eq. 19) 

For each energy in-out through the inverter or inverter-charger j: 

𝐸𝑜𝑢𝑡𝑗
− 𝜂𝑗 ∙ 𝐸𝑖𝑛𝑗

= 0                                                                                                                                        (eq. 20) 

For thermal energy storages for heating q and cooling r: 

𝑆𝑞,𝑟(𝑡) = 𝑆𝑞,𝑟(𝑡 − 1) ∙ 𝜆𝑞,𝑟 + 𝐸𝑖𝑛𝑞,𝑟
− 𝐸𝑜𝑢𝑡𝑞,𝑟

                                                                                                (eq. 21)  

For batteries the charge efficiency 𝜂𝑐ℎ, and discharge efficiency 𝜂𝑑𝑖𝑠 are considered for the charge 𝐼𝑐ℎ and 

discharge 𝐼𝑑𝑖𝑠 currents, and the charge 𝐸𝑏𝑖𝑛
and discharge 𝐸𝑏𝑜𝑢𝑡

energies: 

𝜂𝑟𝑡 = 𝜂𝑐ℎ ∙ 𝜂𝑑𝑖𝑠                                                                                                                                                 (eq. 22) 

𝐸𝑏𝑖𝑛
 (𝑡) ∙ 𝜂𝑐ℎ − 𝐼𝑐ℎ(𝑡) ∙ 𝑉𝑑𝑐 ∙ 𝑡 = 0                                                                                                                  (eq. 23) 

𝐸𝑏𝑜𝑢𝑡
 (𝑡) − 𝜂𝑑𝑖𝑠 ∙ 𝐼𝑑𝑖𝑠(𝑡) ∙ 𝑉𝑑𝑐 ∙ 𝑡 =0                                                                                                                (eq. 24) 

Equipment’s capacities: 

For renewable energy production components: 

PV: 𝑊𝑃𝑉 = 𝐸𝑃𝑉 ∙ 𝐴𝑃𝑉                                                                                                                                       (eq. 25) 

ST:  𝑄𝑆𝑇 = 𝐸𝑆𝑇 ∙ 𝐴𝑆𝑇                                                                                                                                        (eq. 26) 

PW: 𝑊𝑊 = 𝐸𝑃𝑊 ∙ 𝑁𝑎𝑒𝑟                                                                                                                                     (eq. 27) 

For each component j, the energy production is equal or lower than its nominal capacity. Thus, for heating 𝑄, 

cooling 𝑅 or electricity 𝑊 production: 
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𝑄𝑗 ≤ 𝐶𝑎𝑝𝑗                                                                                                                                                        (eq. 28) 

𝑅𝑗 ≤ 𝐶𝑎𝑝𝑗                                                                                                                                                         (eq. 29) 

𝑊𝑗 ≤ 𝐶𝑎𝑝𝑗                                                                                                                                                        (eq. 30) 

For thermal energy storage for heating and cooling: 

𝑆𝑞,𝑟 ≤ 𝐶𝑎𝑝𝑇𝑆𝑄,𝑇𝑆𝑅                                                                                                                                            (eq. 31) 

The capacity in kWh for batteries, is the product of the capacity q in kAh multiplying by 𝑉𝑑𝑐:   

𝑞𝑏𝑎𝑡 ∙ 𝑉𝑑𝑐 ≤ 𝐶𝑎𝑝𝑏𝑎𝑡                                                                                                                                          (eq. 32) 

The capacity of the inverter and inverter-charger must be greater than the sum of all energy fluxes into the devices 

in any time t. As aforementioned, an oversizing factor 𝐹𝑖𝑛𝑣 is applied: 

𝐹𝑖𝑛𝑣 ∙ (∑ 𝐸𝑖𝑛𝑗
(𝑡)𝑗=𝐼𝑛𝑣,𝐼𝑛𝑣𝐶 ) ≤ 𝐶𝑎𝑝𝑗                                                                                                                (eq. 33) 

4. Results and discussion 
The multiobjective optimization is carried out for the two systems aforementioned: grid connected and standalone. 

For both systems, the two objective functions (economic and environmental) were evaluated separately as a first 

step. Reference systems based on conventional equipment were considered to evaluate the advantage of the use 

of polygeneration systems. In these reference systems, heat pump HP is used only for cooling. Afterwards, 

multiobjective optimization is carried out based on ε-constraint procedure to construct the Pareto curve. 

4.1 Single Objective optimization 

In the grid connected system, electricity from the grid and natural gas are available for the system. The reference 

scenario does not consider renewable energy, cogeneration module, absorption chiller and energy storage systems. 

Energy from the grid Ep covers the electricity demand Ed and can be used to run the heat pump only for cooling. 

Natural gas is available to be used in the boiler to cover heating demands. In the polygeneration system, only ion-

lithium technology has been considered in the optimization of the superstructure. 

Tab. 3 Grid connected system. Single optimization results 

System Polygeneration system  
Reference system 

Equipment Economic optimum Environmental optimum 

Grid contracted power [kW] 13.856 13.856 17.321/24.249/17.321 

Cogeneration module CM [kW] 1.6 0.0 0.0 

Photovoltaic modules PV  [m2] 68.7 75.0 0.0 

Wind turbine PW [kW] 0.0 16.3 0.0 

Solar thermal collectors ST [m2] 0.0 85.9 0.0 

Heat pump HP [kWt] 77.7 48.3 78.1 

Gas boiler GB [kWt] 23.0 5.1 65.2 

Absorption chiller ACH [kWt] 0.3 0.3 0.0 

Heat thermal storage TSQ [kWht] 0.0 46.6 0.0 

Cooling thermal storage TSR [kWht] 0.0 54.5 0.0 

Batteries BAT [kWh] 0.0 13.1 0.0 

Electricity consumption [kWh] 24518 18444 38770 

Gas consumption [kWh] 50000 122 72901 

Annual cost [€/yr] 18444 45480 22565 

Annual CO2 emissions [kgCO2eq/yr] 18307 6328 25658 

According to the values shown in Tab. 3, comparing the polygeneration system with respect to the reference 

systems, we observe that it could be achieved a reduction of about 18% and 29% in the annual cost and CO2 

emissions respectively from the economic optimum or it would be needed double the annual cost to achieve a 

reduction of about 75% in the annual CO2 emissions from the environmental optimum. On the other hand, by 

using polygeneration systems, it is possible reduce the contracted power from the grid and natural gas, achieving 

a significant reduction in electricity and natural gas consumption. 

In the standalone system, electricity from the grid and natural gas are not available. Therefore, gasoil for heating 

is used as a conventional fuel to run the boiler GB and the cogeneration module CM. This last, produce electricity 
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to cover the demand Ed and for running the heat pump HP as well. A reference system in which energy demands 

are attended only by cogeneration module, heat pump (only for cooling) and boiler is considered. In both systems, 

reference and polygeneration systems the thermal energy storage (TSQ and TSR) and batteries are considered to 

tackle the restriction of reciprocating engines to work above 30% of partial load. Both systems are optimized with 

lead acid (OPz) and ion-lithium (Ion-Li) batteries separately. Tab. 4 and Tab. 5 present the main results for both 

cases. 

Tab. 4. Standalone system with ion lithium batteries. Single optimization results 

Ion Lithium System Standalone polygeneration system  Standalone reference system 

Equipment 
Economic 

optimum 

Environmental 

optimum 

Economic 

optimum 

Environmental 

optimum 

Cogeneration module CM [kW] 6.9 7.2 14.9 10.6 

Photovoltaic modules PV  [m2] 91.5 149.3 0.0 0.0 

Wind turbine PW [kW] 0.0 45.0 0.0 0.0 

Solar thermal collectors ST [m2] 0.0 11.5 0.0 0.0 

Heat pump HP [kWt] 48.9 65.8 77.0 32.9 

Gas boiler GB [kWt] 36.6 0.0 52.0 44.1 

Absorption chiller ACH [kWt] 26.3 10.1 0.0 0.0 

Heat thermal storage TSQ [kWht] 0.0 77.3 0.0 45.3 

Cooling thermal storage TSR [kWht] 0.0 1.0 1.0 97.3 

Batteries BAT [kWh] 1.3 60.0 17.6 6.8 

Annual Fuel consumption [kWh] 105449 22501 170673 163781 

Annual cost [€/yr] 22998 71056 29358 38189 

Annual CO2 emissions [kgCO2eq/yr] 34588 13480 54289 52223 

Tab. 5. Standalone system with Lead Acid batteries. Single optimization results 

Lead Acid System Standalone polygeneration system  Standalone reference system 

Equipment 
Economic 

optimum 

Environmental 

optimum 

Economic 

optimum 

Environmental 

optimum 

Cogeneration module CM [kW] 6.9 7.5 14.7 9.3 

Photovoltaic modules PV  [m2] 93.0 148.0 0.0 0.0 

Wind turbine PW [kW] 0.0 45.0 0.0 0.0 

Solar thermal collectors ST [m2] 0.0 12.8 0.0 0.0 

Heat pump HP [kWt] 47.8 65.1 77.0 26.6 

Gas boiler GB [kWt] 37.2 0.0 46.1 41.9 

Absorption chiller ACH [kWt] 27.2 10.5 0.0 0.0 

Heat thermal storage TSQ [kWht] 0.0 83.9 0.0 53.2 

Cooling thermal storage TSR [kWht] 0.0 1.3 1.0 126.6 

Batteries BAT [kWh] 1.0 78.3 24.0 9.3 

Annual Fuel consumption [kWh] 106364 23527 173442 163693 

Annual cost [€/yr] 23040 70639 29215 41573 

Annual CO2 emissions [kgCO2eq/yr] 34871 13528 55083 52291 

 

From the comparison between the polygeneration systems with respect to the reference system, we can observe a 

reduction of about 20% and 35% in the annual cost and CO2 emissions respectively from the economic optimum, 

and an increasing of about 70% in the annual cost to achieve a reduction of about 75% in the annual CO2 emissions 

from the environmental optimum.   

4.2 Multiobjective optimization 

In order to carry out a multiobjective optimization, a Pareto solution’s set are found by means the ε-constraint 

method (Haimes et al., 1971) . This means that we can obtain different solutions by optimizing one of the objective 

functions whereas the value of the other objective function is fixed. This procedure can be carried out as many 

times as required to create the Pareto curve. The solutions in between the single-objective optimization solutions 

are known as trade-off solutions or non-dominated solutions. For both systems, five different configurations 

through the Pareto curves were defined according to the minimum capacities commercially available.   

Fig. 2a shows the Pareto curve of the grid connected system. Along the curve different solutions are obtained with 

different configurations and capacities. Each symbol corresponds to a specific configuration (with different pieces 

of equipment and capacities).  
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There is not an absolute “best solution”, because it depends on the decision maker. The set of Pareto solution’s 

must be evaluated to take the “best solution” according to the weights of different objectives considered for the 

decision maker. For the authors, configurations B and C seem to be interesting trade-off solutions considering the 

great reduction of CO2 emissions about 43% and 54%, with only an increasing of about 7% and 15% in the total 

annual cost respectively, with respect to the economic optimum. Configuration B is simpler than C, in fact is the 

simplest configuration among the Pareto curve configurations, therefore, could be considered the best trade-off 

solution considering its simplicity and their achievements in terms of the relation annual cost / CO2 emissions.  

On the other hand, Fig. 2b shows the electricity and natural gas consumption with respect to the CO2 emissions. 

From the economic optimum (OptEco) to the environmental optimum (OptEnv) gas consumption always decrease 

whereas electricity consumption increases up to reach the maximum point at 9000 kgCO2eq/yr, then it decreases 

rapidly, due to the PV and PW increasing capacity. The electricity is mainly use to run the heat pump to produce 

heating/cooling, which shows the advantage of using this technology to reduce the environmental impact. 

Fig. 3 presents the technologies capacity with respect to the CO2 emissions.  ACH technology does not appear 

since it is not part of any configuration. As we can see PV, HP and GB technologies are feasible in every 

configuration. ST and PW technologies are only attractive when it is required a CO2 emissions reduction higher 

than 55% with respect to the economic optimum. CM is viable above 12000 kgCO2eq/yr, in which capacities 

above 1 kW is required. Although there is CM of 1 kW available in the market, this capacity is still very low, so 

it can be neglected in the trade off solutions. TSQ is viable below 9000 kgCO2eq/yr whereas TSR and BAT are 

feasible only close to the environmental optimum. 

Fig. 4 shows the Pareto curve of the standalone system. Along the Pareto curve different solutions are obtained 

with different configurations and capacities. Each symbol corresponds to specific configuration (with different 

components and capacities). In this case, two Pareto curves are depicted corresponding to both battery 

technologies evaluated. As we can see the Pareto curves for both technologies are practically the same, however, 

the configurations do not coincide in every point necessarily.  

Fig. 3. Installed capacity along the Pareto curve for the grid connected system 
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In this case, authors suggest the configurations H and K as interesting trade-off solutions. The difference between 

them lies only in the presence of ST in the K configuration. In H configuration it is possible to achieve a CO2 

emissions reduction of about 18% by increasing the annual cost in about 6%, whereas, through K configuration it 

is possible to achieve a CO2 emissions reduction of about 25% up to 40% by increasing the annual cost in about 

10% up to 20%, with respect to the economic optimum.  

In the standalone system CM is the prime mover, therefore it is present in every configuration. From the Fig. 5 

we can see that PV and HP technologies are feasible in every configuration. ST and PW technologies are present 

below about 26000 and 18000 kgCO2eq/yr respectively. ACH is part only in the configuration G which is above 

32000 kgCO2eq/yr. GB is present in G, H, K and L configurations, however, in this last could be considered as 

an auxiliary component (AUX) because its capacity decreases below the minimal commercial capacity up to 

disappearing in the configuration O. Regarding the electrical energy storage, we can see the difference in capacity 

between Ion Lithium and Lead acid batteries. Remark that smaller capacities are required for ion lithium 

technology to achieve the same relation €/kgCO2eq through the Pareto curve. In the economic optimum a small 

capacity is required in both cases, hence, it is considered that in the configuration G batteries are required as 

backup or auxiliary component (AUX) in the system. In the case of thermal storage, it is observed that TSQ is 

considered every configuration except in G configuration, whereas TSR is only considered in the O configuration 

close to the environmental optimum.  
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Fig. 4. Standalone system Pareto curve. Ion lithium (Blue-continuous) and Lead acid (Red-dashed) batteries 

13000

18000

23000

28000

33000

22000 32000 42000 52000 62000 72000

[k
g
C

O
2
e

q
/y

r]

[€/yr]

Ion Lithium (Li) Lead Acid (LA)
G-LA H-LA
K-LA L-LA
O-LA G-Li
H-Li K-Li
L-Li O-Li

G CM,PV,HP,GB,ACH, BAT(AUX)

H CM,PV,HP,GB,TSQ, BAT

K CM,PV,ST,HP,GB,TSQ, BAT

L CM,PV,ST,PW,HP,GB(AUX),TSQ, BAT

O CM,PV,ST,PW,HP,TSQ,TSR, BATZoom 

14000
16000
18000
20000
22000
24000
26000
28000
30000

23900 28900 33900 38900

[k
g
C

O
2
e
q
/y

r]

[€/yr]

Zoom 

E.S. Pinto et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

 



 

5. Conclusions 
A multiobjective optimization was carried out to tackle the issue of conflicting objectives in the synthesis of 

polygeneration systems including renewable energy namely PV, ST and PW technologies, thermal energy storage 

and batteries. To this propose, a MILP model was developed and applied to a residential building located in 

Zaragoza (Spain) in two cases: Grid connected and Standalone. At first, representative days were selected to 

reproduce in a reasonable way the whole year data, reducing the computational effort during the optimization of 

the polygeneration system. Then, single optimizations were compared with respect to the reference systems, which 

show the advantages of using polygeneration systems with respect to the conventional systems from the economic 

and environmental point of view. The ε-constraint method was applied to obtain the Pareto curve or trade off 

solutions. Five different configurations were defined through the Pareto curve according to the minimum 

commercial capacities available in the market which allow different €/kgCO2eq ratios. Interesting solutions show 

that a CO2 emissions reduction of about 43% with only an increasing of about 7% in the total annual cost could 

be achieved in the grid connected system, whereas in the standalone system a CO2 emissions reduction of about 

18% could be achieved by increasing the annual cost in about 6%. In every case PV and HP technologies are 

feasible from the economic and environmental point of view for both systems. Regarding energy storage, in the 

grid connected system, TSQ become important only from about 50% of CO2 emissions reduction, whereas TSR 

and batteries are considered only close to the environmental optimum. On the other hand, in the standalone system, 

TSQ and batteries become important from about 12% of CO2 emissions reduction, whereas TSR is considered 

only close to the environmental optimum.  
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