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Abstract: A crucial way to reach future sustainable society concern the path towards nearly-zero 

energy buildings because of large amount of energy at stake. The present work proposes an 

approach for the optimal integration of small-scale technologies (renewable and traditional) to 

enhance the pathway of existing and inefficient buildings towards low-carbon system in a cost-

benefit effective manner. Operation optimization as well as an innovative combined design and 

operation optimization are investigated with the goal of selecting the capacity of the technologies 

to be installed depending on the expected operations. The renewable technologies are integrated 

with proper storage units, such as batteries and latent thermal storage, which allows reducing the 

space required for the installation. Two different non-linear programming approaches are used with 

the aim of finding an optimal solution. The optimization allows reducing operation costs of 22% for 

RES fed dwellings. The combined operation and design optimization leads to a reduction of 

installation and operating costs of 7%. In the analyzed case, the adoption of the advanced 

optimization approach shows that latent heat storage is more suitable to be installed than electric 

storage (−2.5% cost). 

Keywords: renewable technologies; optimization; non-linear programming; latent heat storage; 

small-scale wind turbine; photovoltaics; electric storage  

 

1. Introduction 

EU has set ambitious energy targets aiming at reducing greenhouse gas emissions by 40% by 

2030 and reaching a 27% share of renewables by 2020. Currently the building sector is accountable 

for about 40% of the energy consumed and carbon emissions in the EU.  

To abate emissions and meet long-term decarbonization targets in this sector will require radical, 

fast and lasting pathways to convert existing buildings into near zero carbon systems [1–3]. For this 

reason, the use of renewable energy sources for supplying domestic needs is becoming increasingly 

important worldwide.  

Two main approaches exist for the exploitation of RES for the building sector supply. The first, 

which is currently developed to the greatest extent, is the generation-centered and consists in 

installing the technologies into specific generation sites [4,5] (i.e., large photovoltaic systems with 

medium voltage level). The second option is the demand-centered approach, which consists in 

producing energy from RES where is needed. Currently the first option allows one reaching high 

production performances. However, the generation-centered approach requires grid characteristics 

far out from those usually available. Proper integration of the two approaches represents a viable 
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solution for the emission reduction in the building sector, integrating the zero energy buildings, 

especially in remote areas that are not densely populated.  

Concerning the construction of new buildings, various approaches exist on the literature for the 

design of zero-energy buildings, including the envelope (material and layer) together with the 

technology selection [6,7]. Energy-oriented models that provide support to decision making in the 

context of new zero-energy buildings are discussed in [8]. In [9], a study revealing the potential 

challenges and opportunities while using optimizations in the design of net zero energy buildings is 

presented. A comparison of the performance of various approaches adopted for the solution of the 

design problem of nearly zero energy building are assessed in [10]. 

It is important to remind that existing buildings will constitute the main stock of dwellings for 

the next 10–20 years. Furthermore, about 30% of the buildings is more than 50 years-old, with little 

or no renewable energy sources (RES) installed. For this reasons, the path to meet the de-

carbonization goal necessarily pass towards the transition of existing buildings towards near-zero 

Energy Buildings. 

Transition of existing dwellings towards near-zero Energy Buildings cannot rely on a single RES 

technology. The use of a unique technology for supplying the entire heat/electricity requirement is 

generally not sufficient to allow reaching efficient zero energy buildings. The integration of low cost-

capacity technologies represents a crucial goal for the achievement of energy autonomous buildings. 

This goal can be achieved in existing buildings through installation of a proper set of renewable 

technologies, high-efficiency conversion devices and suitable energy storages. The design of a proper 

set of technologies tailored on the specific application, i.e., building thermal demand, position, 

geographical area (that affects solar radiation evolution, wind speed etc.) and the correct system 

operations are mandatory for a cost effective solution. An optimization stage is therefore mandatory 

in the design process. Furthermore, integration of various renewable technologies requires a proper 

tool to define an overall optimal operation (i.e., which is the production/conversion/storage 

technology that make sense operate at a certain time and what is the best load). Various attempts 

have been done at a district level. A problem of district planning is solved in [11] using a Mixed 

Integer Non-Linear Programming. The design of a management tool for a district energy system for 

the polygeneration relying on an agent-based approach is discussed in [12]. Concerning the 

uncertainty analysis various works can be found in the literature [13–15]. 

In this context the European project RECOGNITION [16] aims at focusing the attention of the 

poly-generation on a single building with specific small-scale technologies. The two specific aims of 

the project are: (a) developing small scale renewable technologies for electricity/heat and cold 

production and (b) integrating the technologies in the best way in order to reach optimal cost benefits 

scenarios at building level.  

The present work has the aims of proposing: a) a tool for the assessment of a seamless technology 

integration, depending on the characteristics of the demand and the site/type of installation; b) an 

innovative technique for the optimal management of the system. Renewable energy sources will be 

integrated with proper storage units, such as batteries and latent thermal storage units, which allows 

reducing the dimension required for the installation. A proper algorithm is used with the aim of 

finding an optimal solution. The proposed tool is shown to significantly improve the integration of 

the renewable sources in a building context. The reduction of costs that are achieved by the proposed 

optimizer are discussed together with the environmental benefits. 

2. Case study and Methods  

2.1. The Project 

The overarching aim of the RECOGNITION project [16] is twofold. One is developing cross-

cutting technologies suitable for different building environment. The technologies developed are 

various, as schematized in Figure 1a. A new aerodynamic concepts of vertical axis wind turbine is 

proposed to ensure the efficiency of variable geometry turbines at higher wind speed also for urban 

applications, by means of sustainable passive principles; also specific passive vibration suppression 
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system are developed for safety with the aim of rooftop integration. Building Integrated 

Photovoltaics is studied with the aim of improving the aesthetic appeal of the modules along with a 

cost reduction of the kWh of the energy produced. A micro combined heat and power system fed by 

biogas is developed by proper modifications of the systems fed by natural gas (e.g., system for flexible 

combustion). A latent heat storage with a special fin design for the heat exchange improvement 

between water and phase change material. In the end, an optimized solar-thermal driven 

dehumidification device is investigated through the application of innovative material as sorption 

bed.  

The second goal of the project consists in developing an ICT framework to enable the building 

integration of RES technologies for electricity/heat and cold production (Figure 1b). This allows 

ensuring the satisfaction of the highest possible share of the buildings demand by means of renewable 

energy technology. Technologies include variable RES (e.g., solar, wind) and dispatchable energy 

sources (e.g., bio-gas, geothermal) along with energy storage and advanced energy efficient 

technologies. 

 

Figure 1. RE-COGNITION project main concepts [16]: (a) development of new renewable small-scale 

technologies; (b) Development of platform for the optimal integration of renewable technologies in 

building context. 

2.2. Case Study 

In this work, the installation of some of the technologies proposed in the RE-COGNITION 

project are considered to feed an existing building fed by a gas heat-only-boiler (Figure 2). The case 

study considered for the analysis is a large existing dwelling including 20 flats. The dwelling is 

located in the area with about 2500 degree-days, typical of mild European climate. The dwelling is 30 

years old and this is in the energy class E. The yearly energy consumption is about 100 kWh/m2.  
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Figure 2. Schematic of the system considered and RES technologies in the present work. 

The heat demand for the dwelling is estimated considering the hourly method (UNI EN ISO 

52016), while the electricity demand is evaluated by summing up typical daily profiles of the various 

flats. In Figure 3, the electricity and the thermal demand evolution for a typical winter cold day is 

reported. 

 

Figure 3. Daily evolution of the dwelling consumptions for a typical cold winter day: (a) electricity 

consumption; (b) Thermal consumption. 

Different sets of technologies have been considered during the design stage. In all cases (Table 

1), a small scale wind turbine, a microturbine in a cogeneration configuration, an air heat pump and 

PHOTOVOLTAICS

SMALL-SCALE 

WIND TURBINE

Φ

AIR HEAT 

PUMP
ENERGY

STORAGE

PLATFORM FOR OPERATION 
OPTIMIZATION

HEAT ELECTRICITY

MICRO COMBINED 

HEAT AND POWER 
PRODUCTION

Φ



Proceedings 2020, 4, x FOR PEER REVIEW 5 of 14 

 

a gas fuelled heat-only-boiler are included. In Case 1, Photovoltaics and an Electric Storage are 

available. In Case 2, Photovoltaics and a latent heat storage are also available.   

Table 1. RES design case considered. 

Case N° Technology 1 Technology 2 Technology 3 Technology 4 Technology 5 Technology 6 

1 
Small scale wind 

Turbine 
Photovoltaics mCHP 

Gas heat only 

boiler 

Air heat 

pump 

Latent heat 

storage 

2 
Small scale wind 

Turbine 
Photovoltaics mCHP 

Gas heat only 

boiler 

Air heat 

pump 
Electric storage 

Photovoltaics: The photovoltaic installation considered is a surface of about 130 m2 (with 78 

modules with a nominal power of 310 W each). The overall nominal power of the plant is 24.2 kW.  

Small-scale wind turbine: The small-scale wind turbine considered has a nominal power 

(reached with wind speed larger than 10 m/s) of 6 kW. 

mCHP: a biogas microturbine for heat and power generation characterized by an electric 

nominal power of 20 kW.  

Gas heat-only-boiler: This is a typical condensing gas boiler for space heating production. The 

nominal thermal power is 170 kW.  

Air heat pump: The air heat pump has a nominal thermal power of about 180 kW. 

Latent heat storage: This is a latent heat storage filled with paraffin wax as Phase Change 

Material. The total storable thermal energy is 70 kWh.  

Electric storage: Litium-ion battery is considered with 26 kWe of total storable energy. 

The nominal power is evaluated considering the following criteria: (1) available data of the 

various technologies; (2) common practice in the design of renewable energy technologies; (3) proper 

device size is estimated after preliminary multiple simulations. 

The efficiencies of the production and conversion technologies depend on the operating 

condition. This means that the correlation between the source and the energy vector produce is not 

linear. This makes the problem much difficult to solve. Investment costs for the technologies are 

reported in Table 2, along with the reference they have been found. 

Table 2. RES investment costs.  

Technology Details Cost and Ref. Lifetime and Ref. 

Photovoltaics - 2280 [€/kW] [17] 20  [17] 

Wind Turbine Small scale 6424 [€/kW] [18] 25  [22] 

mCHP Biogas microturbine 1950 [€/kW] [19] 10 [23] 

Heat pump 
Traditional air heat 

pump 
720 [€/kW] [17] 15 [17] 

Gas heat-only-boiler Condensing boiler 180 [€/kW] [17] 12 [17] 

Latent heat storage Paraffin wax PCM 50 [€/kWh] [20] 30 [20] 

Electric storage Li-ion 546 [€/kWh] [21] 10 [21] 

2.3. Methodology 

2.3.1. Optimal Operations 

An optimization approach is used in order to find the best operations that minimize the cost for 

the energy supplied. The optimal operation is the one which minimizes the total cost of the energy 

supplied. This quantity is calculated by summing the cost of the natural gas and electricity entering 

the system and considering that electricity can also be sold to the grid, as shown in Equation (1). 
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𝑐𝑡  =  𝑐𝑒_𝑖𝑛  +  𝑐𝑔_𝑖𝑛 −  𝑐𝑒_𝑜𝑢𝑡   (1) 

where the electricity purchased (ce_in), the electricity sold (ce_out), the gas purchased (cg_in) and the 

investment cost (cinv) are all expressed in €/day. These terms are obtained by multiplying the 

electricity (or the gas) cost times the energy absorbed by the system in the entire time evolution 

considered.  

The power fluxes (both electrical and thermal) produced by each technology installed or 

stored/released by the thermal/electricity storages are the independent variables of the optimization. 

In the cases considered in this work, the production/conversion technologies are 9: photovoltaic, 

wind turbine, gas heat-only-boiler, heat pump, mCHP, electric storage, thermal storage, electricity 

sold by the system, electricity purchased by the system. Nevertheless, the independent variables of 

the problem are not 8. In fact, the optimization cannot be performed separately time by time since the 

thermal and electrical storage operations make the various time-frames as dependent. For this reason, 

the independent variables of the problem are 9 times the number of the considered time-frames.  

𝑐𝑖𝑗  =  𝑐𝑖  •  𝑥𝑖𝑗       (2) 

where x is the power absorbed/released by each technology and c is the cost of the energy vector in 

input. Considering various technologies (and the proper energy vector) and the various time-frames 

of the optimization, a matrix of thermal/electrical power absorbed and released can be adopted. 

The relation between the chemical/thermal/electrical power entering and exiting each 

technology is due by the efficiency of each technology. Since the efficiencies of the production and 

conversion technologies depend on the operating condition, the correlation between the source and 

the energy vector produce is not linear. This makes the optimization problem to solve as non linear. 

Among the approaches that can be used to solve this kind of problems are Mixed Integer Linear 

Programming (MILP), Non-Linear Programming (NLP) and Mixed Integer Non-Linear 

Programming (MINLP). The first approach requires a linearization (efficiency must be constant) that 

can reduce the accuracy of the problem solved. The second requires the use of alternative approach 

for considering the integer variables. The third approach can be theoretically be used for every kind 

of problem but the convergence can be more difficult. 

The minimum power and inclusion of maintenance costs are the items which mainly need for 

integer variables. In case of small-scale systems, the devices can often operate in a larger domain 

respect to large scale systems. Furthermore, the maintenance cost for various technologies can be 

neglected. For this reason, the constraints related to these characteristics are less impactful and often 

can be neglected. Therefore, when considering the installation of renewable technologies in buildings 

a different approach can be used. The approach consists in using the Non-Linear programming 

approach, including the limitation of minimum power and maintenance costs (if any) using 

sigmoidal functions (i.e. smooth gap functions). A sufficiently smooth function is used to avoid 

convergence problems. At the end of each optimization the sigmoidal function is checked not being 

in the gap.  

The heat release of the latent heat changes with the temperature of the system, and therefore 

with the time (Figure 4). The temperature of the system can be easily related to the heat stored in the 

system, by means of numerical simulations. This can be done by means of a 2D thermo-fluidynamic 

model of the system in order to take into account the effects of the variation of phase occurring in the 

thermal storage and the effect of the buoyancy. Once the evolution is obtained, it is easily possible to 

consider in the optimization that the maximum heat absorbed/released by the system changes 

depending on state of charge of the thermal storage. 
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Figure 4. Thermal release evolution for the latent heat storage. 

2.3.2. Combined Design and Operation Optimization 

If the goal is not the operation of a predefined system but also its design, a different problem 

must be addressed. In this case, the best overall solution depends on the operational cost as well as 

on the investment costs. The optimization is thus performed to design optimally the set of 

technologies depending on the expected operations. In this section the optimization approach 

suitable to achieve the best size of the technologies, considering the investment cost and the future 

operations is fully described.  

The optimization includes not only the cost for the energy supplied (both thermal and electrical), 

but also the investment costs. These are considered as a function of the installed power and, in case 

the technology is not installed, the corresponding investment cost is zero. The independent variables 

of the optimization are:  

(a) the fluxes of heat/electricity produced/consumed by each production/conversion energy 

systems, which are 9 (photovoltaic, wind turbine, gas heat-only-boiler, mCHP, heat pump, electric 

storage, thermal storage, electricity sold by the system, electricity purchased by the system);  

(b) the installed capacity for each technology, which are 7 (photovoltaic, wind turbine, gas heat-

only-boiler, mCHP, heat pump, electric storage, thermal storage).  

As discussed for the Operation Optimization, the overall number of independent variables of 

the problem is 9 times the number of time step, plus the 7 values of the capacities installed since the 

optimization must be performed considering all the time because the presence of the thermal and 

electrical storages creates an interdependent relation between the times. 

The objective function to be minimized is the total cost, that is achieved by summing the cost of 

the resources entering the dwelling plus the investment cost of the technologies. Therefore, the total 

cost is expressed as shown in Equation (3).  

𝑐𝑡  =  𝑐𝑒_𝑖𝑛  +  𝑐𝑔_𝑖𝑛  +  𝑐𝑒_𝑜𝑢𝑡  +  𝑐𝑖𝑛𝑣 (3) 

where the electricity purchased (ce_in), the electricity sold (ce_out), the gas purchased (cg_in) and the 

investment cost (cinv) are all expressed in €/day, as for the optimization described in Section 2.3.1.  

Considering various technologies (and the proper energy vector) and the various time-frames 

of the optimization, a matrix of thermal/electrical power absorbed and released can be set. 

𝑐𝑖𝑗  =  𝑐𝑖  •  𝑦𝑖𝑗       (4) 

𝑐𝑖𝑛𝑣 =  ∑ 𝑚𝑎𝑥(𝑦𝑗)𝑖 •  𝑠𝑖
𝑛_𝑡𝑒𝑐𝑛
𝑖=1       (5) 

where y is the power absorbed/released by each technology i at time j, c is the cost of the energy vector 

in input at the technology i. 

This problem is nonlinear, because of the non-linear relation between the 

chemical/thermal/electrical power entering and exiting each technology (i.e., efficiency not constant). 

The Mixed Integer Non-Linear Programming (MINLP) is the most suitable approach for the 
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combined design and operation optimization because of the presence of the investment, which are 

considered with integer variables.  

3. Results 

3.1. Operations Optimization 

The present section reports the results of the operation optimization for the cases described in 

Table 1. Results for Case 2 are reported in Figure 5.  

 

Figure 5. Daily consumption and production pattern for Case 1: (a) Thermal consumption; (b) 

Electricity consumption. 

The base electric load is supplied using the mCHP. Wind turbine and Photovoltaics are operated 

always when available since these are free sources. The electricity produced is used not only to supply 

the electric demand but also for the operation of the electric heat pump and for selling to the grid. 

The electricity is sold in the times the electricity cost is higher. This can be easily noticed by observing 

Figure 6 which reports the evolution of the electricity purchased (a) and sold (b) to the grid (the 

maximum cost for the electricity sold is 10 a.m.). Concerning the heat demand, the presence of the 

thermal energy storage makes the selection of the technologies for heat production more flexible. The 

technology mostly used for the heat production is the mCHP. The electric heat pump is used when 

the electricity cost is low; otherwise it’s cheaper to sell the extra electricity to the grid and to use the 

heat-only-boiler for supplying the thermal load. The heat-only-boiler, when operating, works at its 

maximum thermal power; the excess heat produced is stored in the thermal energy storage. The heat-

only-boiler operation results in a sort of on-off regulation that allows maximizing the performances 

when it operates.  
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Figure 6. Electricity price evolution: (a) Electricity purchased; (b) Electricity sold. 

Results for Case 2 are reported in Figure 5. As for Case 1, the base electric load is supplied using 

the mCHP while the wind turbine and photovoltaics are always operated when the resource is 

available. The electricity produced is used to supply the electric demand, the operation of the electric 

heat pump and for selling to the grid (for a small extent). The presence of the electric storage allows 

one storing electricity during night to use it when the electricity cost is higher and/or when the most 

convenient technologies are not sufficient to cover the peak. Furthermore, at 10 a.m. part of the 

electricity produced is sold to the network since the electricity price at that time is high. 

Concerning the heat demand, the base load is mainly covered by means of the mCHP. The 

electric heat pump is used when the electricity cost is low while in the time frames the cost is high 

it’s more convenient to sell the extra electricity to the grid and to use the heat-only-boiler for 

supplying the thermal load (Figure 7), as also was in Case 1.  

 

Figure 7. Daily consumption and production pattern for Case 2: (a) Thermal consumption; (b) 

Electricity consumption. 

The results obtained in this section have been compared with the results obtained (without the 

optimization tool) by selecting the various sources consecutively, depending on the average 

production cost (Benchmark Case). The Benchmark Case does not include the thermal and electrical 

storages. Concerning the objective functions the values are 62.03 €/day for the Case 1, 61.37 €/day for 
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the Case 2 and 74.8 €/day for the Benchmark Case. The results clearly show that the availability of the 

optimization tool here presented (Case 1 and 2) allows one saving about 22% of the cost respect to a 

non-optimized solution (Benchmark Case). Furthermore, the installation of the electric storage (Case 

2) respect to the thermal storage (Case 1), allows saving about 1% of the operation cost. 

In case the investment costs of the devices are included, it is possible to estimate which is the 

overall cost (operation plus installation) of the overall group of technologies. In this case, the overall 

cost for Case 1 is 110.7 €/day and 104.5 €/day for the Case 2; this is due to the large size of the thermal 

storage selected. However, from both the investment and operation perspective the solution 

proposed in Case 2 is more advantageous respect to the solution proposed in Case 1. Concerning the 

Benchmark Case, the investment cost of Case 1 and 2 are higher since they also include the presence 

of the storages. The overall cost for the Benchmark Case is 127.9 €/day, therefore the savings on the 

sum of operation and investment is about 17%. 

3.2. Combined Design and Operation Optimization 

In the section the results achieved with the optimization performed to estimate the system 

design considering the operations (detailed in Section 2.3.2) are reported. Figure 8 shows the results 

for the Case 1.  

 

Figure 8. Daily consumption and production pattern in case of investment cost inclusion for the Case 

1: (a) Thermal consumption; (b) Electricity consumption. 

The installed technologies in this case are selected by the optimizer. These are: the mCHP, wind 

turbine, PV, electric heat pump, heat only boiler and thermal storage (i.e., all the technologies 

available). As for the operation optimization, the base electric load is supplied using the mCHP and 

wind turbine and photovoltaics when the corresponding resource is available. The electricity 

produced is used not only to supply the electric demand but also for the operation of the electric heat 

pump and sold to the grid when the electricity cost is high (in the late morning). As for the other 

cases, the evolutions of the electricity purchased (a) and sold (b) to the grid can be observed in Figure 

6.  
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The heat demand is mainly supplied by the mCHP and the electric heat pump (exploiting the 

excess electricity produced by RES). The thermal energy storage makes the selection of the 

technologies for heat production much more flexible as can be noticed by the number of times it is 

switched on and off.  

During the evening, the thermal and electricity loads are still high but the availabilities of PV 

and wind energy are respectively null and low. At this time, both the electricity and the thermal 

energy produced by the most convenient technologies is not sufficient to cover the loads. Therefore, 

the heat-only-boiler is activated to cover the thermal load and the electricity is purchased by the grid. 

Results obtained for the Case 2 are reported in Figure 9. The technologies selected by the 

optimizer are mCHP, wind turbine, PV, electric heat pump, heat only boiler and electric storage. 

Therefore in this case all the technologies available are installed. The heat load in this case is covered 

by the mCHP and electric heat pump. The heat-only-boiler is used to cover the thermal demand in 

the evening, while the electricity demand is covereb by discharging the electricity storage. 

 

Figure 9. Daily consumption and production pattern in case of investment cost inclusion for the Case 

2: (a) Thermal consumption; (b) Electricity consumption. 

4. Comparison and Discussion 

In this section the two optimization approaches presented (Operation optimization and 

Combined Design and operation optimization) are compared and discussed. Figure 10 shows the 

comparison among the total cost obtained for the five cases considered: 

 Benchmark Case 

 Operation Optimization Case 1 (with thermal storage) 

 Operation Optimization Case 2 (with electric storage) 

 Combined Design and Operation Optimization Case 1 (with thermal storage) 

 Combined Design and Operation Optimization Case 2 (with electric storage) and a detail of the 

fraction covered by investment and operations. 

The use of the optimization allows reducing costs respect to the benchmark case of a fraction 

between 13% and 24%, depending on the case. The Combined Design and Operation Optimization 

provides a solution with operational cost which are slightly higher than in case of Operation 

Optimization but the investment cost (that are included in the optimization) are significantly lower. 
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The total cost reduction obtained adopting the Combined Design and Operation Optimization is 12 

% for Case 1 (with thermal storage installed) and 5 % for Case 2 (with electric storage installed). 

Results achieved with Operation Optimization show that is more convenient the installation of the 

electric storage. Nevertheless the Combined Design and Operation Optimization provides a better 

solution in Case 1 (with the thermal storage installed). This is because including the investment costs 

directly in the optimization process may significantly change the set of technologies that is more 

convenient to install. The total cost saving achieved installing a thermal storage instead of an electrical 

storage is 2.5%.  

 

Figure 10. Daily cost for operations and investment for the Operational Optimization (for both Case 

1 and Case 2) and Combined Design and Operation Optimization (for both Case 1 and Case 2). 

The results reported in Figure 10 clarify the importance of the design stage in the overall cost of 

RES systems. In particular, the adoption of a Combined Optimization including design and operation 

allows substantial cost reduction that significantly enhance the pathway of existing buildings 

towards near-zero-energy buildings. Further analyses should include the uncertaintly of input data 

(such as electrical/thermala demand), wind speed and solar radiation. Also a multi-scenario analysis 

should be used with the aim of identify the best set of technologies to be installed considering 

different operations (e.g., summer, winter, middle-season operation). 

5. Conclusions 

The present work proposes an approach for the optimal integration of small-scale technologies, 

especially renewable, in existing dwellings. The approach includes two optimization approaches. The 

first approach aims at optimizing the operating conditions of the system. The second approach 

optimizes the design (i.e., the capacity of the technologies installed) along with the operation. This 

allows achieving an optimized solution from both the design and operation perspective. The final 

goal is to enhance the transition of existing and outdated buildings towards low-carbon emission 

taking into account the importance of the investment cost. The considered technologies are devices 

for the energy production (i.e., photovoltaic, eolic), transformation component (e.g., heat pump) and 

storages (e.g., latent heat storage, thermal storage) Two non-linear programming algorithm 

approaches (a specific NLP approach for the Operation Optimization and a MINLP for the Combined 

Design and Operation Optimization) are adopted. The number of optimization variable is high since 

the optimization must be done considering all the timeframes combined because of the presence of 

the storages. Results show that the adoption of the optimization approach provide a reduction of the 
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operation costs of combined RES for buildings of a significant extent (about 22%). The adoption of 

the Combined Design and Operation Optimization lead to a reduction of the overall cost of between 

5 and 12%. Furthermore, when the Combined Optimization is used the technologies that are most 

suitable to be adopted may change; for the analyzed system the use of latent heat storage instead of 

an electric storage lead to a cost reduction of about 2.5%. 

Author Contributions: The conceptualization of the work and the approach followed and the coordination were 

done by E.G. The code development and the data gathering was done by G.M. The paper was written by E.G. 

and the final revision was done by V.V. 

Funding: This research was funded by European Commission in the context of the RECOGNITION European 

project, grant number 815301. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Marszal, A.J.; Heiselberg, P.; Bourrelle, J.S.; Musall, E.; Voss, K.; Sartori, I.; Napolitano, A. Zero Energy 

Building–A review of definitions and calculation methodologies. Energy Build. 2011, 43, 971–979. 

2. Visa, I.; Moldovan, M.D.; Comsit, M.; Duta, A. Improving the renewable energy mix in a building toward 

the nearly zero energy status. Energy Build. 2014, 68, 72–78. 

3. Task 40/Annex 52, Towards Net Zero Energy Solar Buildings, IEA SHC Task 40 and ECBCS Annex 52. 

Available online: http://www.iea-shc.org/task40/index.html, 2008 (accessed on 10 February 2020). 

4. Rubio-Maya, C.; Uche-Marcuello, J.; Martínez-Gracia, A.; Bayod-Rújula, A.A. Design 

optimization of a polygeneration plant fuelled by natural gas and renewable energy sources. 

Appl. Energy 2011, 88, 449–457. 

5. Ortiga, J.; Bruno, J.C.; Coronas, A.; Grossman, I.E. Review of optimization models for the design 

of polygeneration systems in district heating and cooling networks. Comput. Aided Chem. Eng. 

2007, 24, 1121. 

6. Pikas, E.; Thalfeldt, M.; Kurnitski, J. Cost optimal and nearly zero energy building solutions for office 

buildings. Energy Build. 2014, 74, 30–42. 

7. Testi, D.; Schito, E.; Conti, P. Cost-optimal sizing of solar thermal and photovoltaic systems for the heating 

and cooling needs of a nearly Zero-Energy Building: design methodology and model description. In 

Proceedings of the 4th International Conference on Solar Heating and Cooling for Buildings and Industry, 

SHC 2015, 2–4 December, Turkey (Vol. 91, pp. 517–527). 

8. Attia, S.; Gratia, E.; De Herde, A.; Hensen, J.L. Simulation-based decision support tool for early stages of 

zero-energy building design. Energy Build. 2012, 49, 2–15. 

9. Attia, S.; Hamdy, M.; O’Brien, W.; Carlucci, S. Assessing gaps and needs for integrating building 

performance optimization tools in net zero energy buildings design. Energy Build. 2013, 60, 110–124. 

10. Hamdy, M.; Nguyen, A.T.; Hensen, J.L. A performance comparison of multi-objective optimization 

algorithms for solving nearly-zero-energy-building design problems. Energy Build. 2016, 121, 57–71. 

11. Zheng, X.; Wu, G.; Qiu, Y.; Zhan, X.; Shah, N.; Li, N.; Zhao, Y. A MINLP multi-objective optimization model 

for operational planning of a case study CCHP system in urban China. Appl. Energy 2018, 210, 1126–1140. 

12. Karavas, C.S.; Kyriakarakos, G.; Arvanitis, K.G.; Papadakis, G. A multi-agent decentralized energy 

management system based on distributed intelligence for the design and control of autonomous 

polygeneration microgrids. Energy Convers. Manag. 2015, 103, 166–179. 

13. Kuang, J.; Zhang, C.; Sun, B. Stochastic dynamic solution for off-design operation optimization 

of combined cooling, heating, and power systems with energy storage. Appl. Therm. Eng. 2019, 

163, 114356. 

14. Yang, S.; Tan, Z.; Lin, H.; Li, P.; De, G.; Ju, L. A two-stage optimization model for Park Integrated 

Energy System operation and benefit allocation considering the effect of Time-Of-Use energy 

price. Energy 2020, 195, 117013. 

15. Rakipour, D.; Barati, H. Probabilistic optimization in operation of energy hub with participation 

of renewable energy resources and demand response. Energy 2019, 173, 384–399. 

16. European project RECOGNITION. Available online: https://re-cognition-project.eu/ (accessed on 10 

February 2020). 

https://re-cognition-project.eu/


Proceedings 2020, 4, x FOR PEER REVIEW 14 of 14 

 

17. Gustafsson, M.; Dipasquale, C.; Poppi, S.; Bellini, A.; Fedrizzi, R.; Bales, C.; Holmberg, S. Economic and 

environmental analysis of energy renovation packages for European office buildings. Energy Build. 2017, 

148, 155–165 

18. SMALL WIND WORLD ANNUAL REPORT 2016; WWEA-World Wind Energy Association: Bonn, 

Germany, 2016. 

19. Coelho, S.T.; Velázquez, S.M.S.G.; Martins, O.S.; Castro de Abreu, F. Biogas from Sewage Treatment used to 

Electric Energy Generation, by a 30 kW (ISO) Microturbine; World Bioenergy Conference & Exhibition: 

Jönköping, Sweden, 2006.  

20. IEA-ETSAP and IRENA, Tecnology-Policy Brief E17. Available online: 

http://www.inship.eu/docs/TES%201%20IRENA-

ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf (accessed on 10 February 2020). 

21. Zekeri, B.; Syri, S. Electrical energy storage systems: A comparative life cycle cost analysis. Renew. Sustain. 

Energy Rev. 2015, 42, 569–596. 

22. Installation & Maintenance Manual-Eoltec Scirocco E5.6-6. Available online: 

https://s1.solacity.com/docs/Scirocco%20Manual.pdf (accessed on 10 February 2020). 

23. do Nascimento, M.A.R.; de Oliveira Rodrigues, L.; dos Santos, E.C.; Gomes, E.E.B.; Dias, F.L.G.; Velásques, 

E.I.G.; Carrillo, R.A.M. Micro Gas Turbine Engine: A Review; InTech: London, UK, 2013. 

 

©  2019 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 

http://www.inship.eu/docs/TES%201%20IRENA-ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf
http://www.inship.eu/docs/TES%201%20IRENA-ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf

