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INTRODUCTION 

In European Union the final energy consumption in residential and commercial buildings 

represents around 40% of the total final energy use and it is responsible for 36% of 

Carbon Dioxide equivalent emissions [1]. In order to reach the climate and energy 

targets of European Union for 2020 and beyond [2] it is important to reduce the primary 

energy consumption in these two sectors. In the context of European Union targets the 

diffusion of distributed polygeneration systems can significantly contribute to reduction 

of emissions attributed to the residential and commercial sectors. 

The term “polygeneration” represents the combined production of more than one 

energy vectors (i.e. electricity, heat, cooling, chemical products, etc.) from a single 

primary energy source. Most common is cogeneration, or Combined Heat and Power 

(CHP) [3], which involves the combined production of electric and thermal energy. The 

trigeneration systems, or Combined Cooling, Heating and Power (CCHP) [3], allow the 

simultaneous satisfaction of three energy requirements: electricity, cooling and heating. 

Throughout this thesis, the term polygeneration is used as a generalized term to refer to 

both cogeneration and trigeneration systems. 

In general the term distributed generation (DG) refers to the use of stand-alone or grid 

connected small, modular electric generation devices which are located close to the 

users [4]. Therefore DG systems are generally located close to the power demand, on 

the customer side of the meter or on the distribution network. The system size ranging 

from few kilowatts to few megawatts [4].  

The Figure A is useful to compare the DG system with respect to the centralized one, 

analyzing the traditional energy flow which, starting from required primary source, is 

converted, usually in a large plant, and then transmitted to the end-user to satisfy 

energy demands. In cases of DG, the energy flow is converted in a decentralized energy 

conversion plant, very close to the end-user, and then distributed to the final appliances. 

It is obvious as the transition from the centralized to decentralized system that is usually 

approached as DG allows reducing the losses due to distribution and/or transmission of 

working fluids or electricity and energy cycling losses [3]. On the other hand the 

miniaturization process leads to a reduction of the energy performance of the 
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conversion device due to the “size effect”. Therefore the DG does not always lead to 

energy savings and pollutant emissions reduction. Therefore, there is the need to 

support the diffusion of on-site small complex energy conversion devices based on 

polygeneration system. Consequently the term distributed polygeneration refers to a 

particular case of DG where the generation system is a polygenerator. 

  

 

Figure A. Sankey diagram of energy conversion processes. 

 

Most of this thesis work refers to distributed polygeneration systems characterized by a 

few kilowatts electric capacity. According to the European Directive 2004/8/EC [5], the 

prefix “micro-” (i.e. micro-cogeneration, micro-trigeneration, micro-polygeneration) 

refers to a device characterized by a power rating less than 50 kWel, while different 

authors, in literature, refer to a limit of 15 kWel [6][7][8]. 

The diffusion of micro-cogeneration (MCHP, Micro Combined Heat and Power) and 

micro-trigeneration (MCCHP, Micro Combined Cooling, Heating and Power) systems can 

significantly contribute to reduction of primary energy consumption and CO2 emissions 

attributed to the residential and commercial sectors. In recent years different researches 

have been conducted on the analysis of MCHP and MCCHP based on different 

technologies.  

In [9] the authors analyzed the energy, environmental and economic feasibility of micro-

trigeneration system in a residential building under varying operating conditions. Results 

indicate that compared to separate generation, MCCHP has the potential to deliver 
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significant primary energy (17÷48%) and emission savings (up to 50%), although the 

extent of such savings are strongly dependent on the efficiency of the alternative 

separate generation available. The system’s economic performance was highly 

susceptible to the operating conditions. Therefore this study highlighted the financial 

risks related to the installation of a MCCHP system in a residential sector.  

In [10] the authors investigated on thermo-economic performance of different MCHP 

systems based on reciprocating internal combustion engines and Stirling engines. The 

analysis was performed in two European locations (Italy and Germany) and the results 

obtained highlighted a primary energy savings up to 27% (Italy) and 36% (Germany) and 

a pollutant emissions reduction up to 33% (Italy) and 35% (Germany). Moreover the 

study showed that the economic results strongly depend on the annual operational 

hours of the micro-cogeneration system. 

In [11] an investigation about the energy, economic and environmental feasibility of a 

micro-cogeneration system for residential application was performed by means of 

dynamic simulations, considering thermal insulated residential buildings. The simulation 

results showed that the proposed system allows a reduction of primary energy 

consumption, carbon dioxide emissions and operating costs with respect to the 

conventional system. Moreover the duration diagram of the space heating load 

highlights the small operational hours of the MCHP system.  

In [12] the energy performances of a micro-cogeneration system based on Polymer 

Electrolyte Fuel Cell (PEFC) are investigated. The MCHP system was installed in a 

residential building in Japan. The study highlighted how the primary energy saving of the 

proposed system with respect to a reference one strongly depends on the operation 

condition of the MCHP. The primary energy saving is in the range 1.3÷18.4% and depend 

on the electric and thermal energy requirements from the user.  

In [13] the authors investigated on the energy and environmental performance of an 

internal combustion engine cogenerator in residential building located in different 

Canadian Regions. The primary energy saving analysis showed positive value for existing 

Canadian houses in all regions excluding Quebec due to the predominance of hydro 

generated electricity in that province. From environmental point of view, the MCHP 
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system is a favorable alternative with respect to conventional energy conversion 

systems in all of the houses in the five climatic regions of Canada.  

In [14], a trigeneration system consisting of a micro-cogenerator that interacts with a 

desiccant-based air handling unit, equipped with a silica-gel desiccant wheel, has been 

analyzed. The system provides the air-conditioning service to a university room during 

summer and winter periods and thermal energy for domestic hot water production. The 

MCCHP leads to promising results, in terms of primary energy saving (7.7%) and 

equivalent carbon dioxide emissions reductions (15.3%). The economic analysis showed 

the high pay-back period for the trigeneration system. 

All this study highlighted how the energy and the environmental benefits of micro-

polygeneration systems in residential and commercial users cannot be disputed, but 

some obstacles could jeopardize the diffusion of these promising technologies. Firstly, 

the high specific investment cost (€/kW) of the micro-polygeneration system due to size 

effect and immature state of some technologies leads to long investment's payback 

period. In addition, the installation of polygeneration systems in residential or tertiary 

users bring about low operating hours per year of the system, and consequently high 

payback periods. This aspect is more obvious in Mediterranean area due to the relatively 

mild climatic conditions, which negatively affects the operating hours per year. 

For the electricity network the advantages or disadvantages related to the DG depend 

on its penetration. With low and moderate use of distributed generation, costs can be 

saved while with very high penetration the network may even need to be reinforced [7]. 

Historically, distribution and transmission network are designed to transport power from 

central power plants to dispersed users. Broad diffusion of DG would change this 

concept, because electricity generation in distributed power plants implies a change in 

loads and currents in the electricity network. This aspect may affect system reliability, 

power quality, and congestion in the network [7]. As mentioned above, a high 

penetration of distributed polygeneration would have beneficial effects on the system, 

since currents in transformers, transmission and distribution line would be reduced. As a 

consequence, transmission and distribution losses are reduced and investments in this 

network might be deferred or suspended. However, increased market penetration of 

distributed polygeneration could also raise several challenges for network operators. 
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The capacity of equipment (transformers, power lines, fuses, switches, etc.) may not be 

suitable due to changed or reversed power flows [7]. With many distributed generators, 

the voltage could vary beyond established limits [7]. In some cases, protection of the 

distribution network may become more difficult with distributed generators. DG may, 

depending on the circumstances, either increase or decrease the power quality of the 

distribution network through, for example, transient voltage variations or harmonic 

voltage distortions [7].  

In this thesis, in order to overcame or reduce some negative aspects related to the 

diffusion of distributed polygeneration different strategies are investigated. One 

interesting solution could be the load sharing approach [15], which consists in the 

introduction of a small electric and thermal micro-grid allowing the sharing of electric, 

thermal and cooling loads among a group of diversified end users. By sharing the load 

among different types of final users (residential, commercial, institutional, etc.) it is 

possible to increase the operating hours of the MCHP system. In moderate climatic 

conditions, like Italian ones, typically characterized by low thermal load and few hours of 

heating system operation the MCHP can achieve satisfying economic, energy and 

environmental performance. In fact, as an example, the thermal load of residential users 

typically occurs in the evenings and early mornings, while for commercial users it occurs 

during the day time hours. By coupling these two users it can be considered a single 

common energy conversion system to satisfy their thermal energy requirements, 

increasing its operating hours. In addition, the introduction of a small micro grid in load 

sharing approach could reduce the load flow between the micro grid and the 

distribution network increasing the percentage of self-consumed electricity. In this way 

the micro grid could function closely as “island” mode and reduce the impact of the 

large-scale diffusion of distributed generation. 

Moreover the introduction of an Energy Service Company (ESCo) that manages a large 

number of systems distributed on the territory, often referred as Virtual Power Plant 

(VPP), could obtain some advantages. A VPP consists of a number of geographically 

distributed power generation units that are managed by a centralized control system [7]. 

The VPP could offer various ways of reducing costs and increasing revenues. Firstly, 

there are positive effects related to the managing of a high number of polygenerator 
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system, for instance, buying a number of MCHP units or service contracts could lead to 

volume discounts, as well as discount for fuel needs [7]. Therefore the ESCo can often 

purchase natural gas and additional electricity at lower cost compared to the single user. 

The ESCo could help the network operators providing ancillary service and obtaining 

economic advantage. Moreover the integration of several systems in one operational 

unit could lead to lower maintenance cost and minimize the fuel use due to optimized 

operation strategy. In case of VPP the electricity produced could be marketed differently 

because the specific transaction cost can be lowered and certain regularity requirement 

can be fulfilled (i.e. minimum capacity required to participate to the electricity market) 

[7]. The energy service company often manages the MCHP (or CHP) systems according to 

a thermo-economic optimization control, because it is interested in revenues 

maximization or cost minimization. Different study analyzed the optimal operation 

strategy of distributed polygeneration systems.  

In [16], an optimal online operation strategy for MCHP systems, which is more efficient 

than the conventional pre-determined (either heat-led or electricity-led) operation 

strategies, is presented. A generic optimal online linear programming optimizer was 

developed for operating a MCHP system, capable of minimizing the daily operation 

costs. 

In [17], an energy supply chain network based on residential-scale microgeneration 

systems is proposed, modeled and optimized. A mathematical programming framework 

is developed for the operational planning of such energy supply chain networks. The 

minimization of total costs constitutes the objective function. Additionally, an 

alternative micro-grid structure that allows the heat interchange within subgroups of the 

overall micro-grid is proposed. 

In [18], an energy dispatch algorithm that minimizes the cost of energy (electricity from 

the grid and natural gas for the engine and the boiler), based on energy efficiency 

constrains for each component, is presented. A deterministic network flow model of a 

typical CHP system is developed as part of the algorithm. This algorithm was used in 

simulations of a case study on the operation of an existing MCHP system. The results 

from the simulation demonstrate the economic advantages resulting from optimal 

operation. 
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In [19], a general environmental methodology is applied to a district heating (DH) system 

with centralized heat pumps, cogeneration units and an auxiliary furnace, supplemented 

by decentralized heat pumps; it includes the thermodynamic, economic, and 

environmental models of the systems. Optimization results, in terms of synthesis, design 

and operation of the network, are presented in [20]. 

In [21], a numerical optimization method has been applied to a small-scale cogenerator, 

based on a micro-gas turbine and driven by the heat demand of a medium-size building 

located in the north of Portugal. The mathematical model yields a non-linear objective 

function, subject to physical constraints of system operation, and defined as the 

maximization of the annual worth of the CHP system. A purchase cost equation was 

used for each major plant component, taking into account size and performance 

variables.  

Others possible solutions analyzed in this thesis are related to the increasing share of 

self-consumed electricity “produced” by the MCHP system. In this way it is possible to 

reduce the potential impact related to the large diffusion of distributed polygeneration 

systems and improve the economic performance of the MCHP. In order to increase the 

share of self-consumed electricity two different strategies are analyzed. The first consists 

in the careful selection of the user in which the MCHP system is installed, while the 

second relies on the interaction between the MCHP system and the electric vehicles 

(EVs) charging. As regard to the choice of user it is important to highlight that the 

European Union through the Directive 2010/31/EU [22] that integrates the 2002/91/EC 

[23] promotes the energy performance improvement in new buildings and existing 

buildings that are subject to major renovation. Furthermore the European Union is 

aware that the existing building stock represents the most important sector for potential 

energy savings, through the directive 2012/27/EU [24], and it established that the rate 

of building renovation needs to be increased. In this context, in a near future the 

building envelope will be more energy efficient with higher level of insulation compared 

to the present building stock. The reduction of the heating demand due to the 

improvement of the thermal characteristics of the building envelope requires a careful 

assessment of the benefits connected to the installation of MCHP systems in residential 

or tertiary sectors. The smaller thermal load with respect to the current building stock 
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leads to a reduction of the micro-cogenerator size, with negative effects on energy 

efficiency and specific investment costs [3]. As previously mentioned, the introduction of 

a small thermal micro-grid allows to match several type of users (residential, 

commercial, institutional, etc.) in order to increase the cumulative load and the 

operational hours of the MCHP system (load sharing approach). Therefore, in addition to 

analyze the choice of the users type (residential, commercial, tertiary, etc.), it is essential 

to evaluate the technical and economic feasibility of the installation of an MCHP system 

in a building with low thermal energy demand.  

As regard to the second possibility, it is related on the interaction between the electric 

vehicle charging and an MCHP system. It should be pointed that transport sector is 

responsible for around 25% of European Union (EU) greenhouse gas emissions [25]. 

Road transport alone represents about 20% of the EU total emissions of carbon dioxide 

(CO2). Furthermore, the emissions from transport sector strongly increased in the last 

years (37% between 1990 and 2007) due to the increased needs of mobility [25]. Due to 

the industrial delocalization, the emission weight associated to transport sector will 

increase in many EU countries. In addition to the global emissions, road transport is a 

significant contributor to air pollution in urban area (local impact). Recent researches 

consistently indicate that the declining quality of air in urban area causes serious health 

problems [26]. In the near future the diffusion of plug-in electric vehicles (EVs), which is 

already occurring in countries such as Japan [27], could play an important role in the 

reduction of the local impact related to the transport sector and improve air quality in 

urban area. The diffusion of EVs could help to reduce the almost-total dependence of 

the transport sector on oil and consequently on exporting countries. The electric 

mobility moves the energy demand from oil to electricity. A great advantage of 

electricity use in the transport sector is that it can be produced from any primary energy 

source. This offers the opportunity to use in road transport different high conversion 

efficiency technologies and/or renewable energy sources. So the emerging trend 

towards the electrification of transport sector clearly benefits from the increasing share 

of renewable electricity and from the growing average electric efficiency of the thermo-

electric power plants mix. Furthermore, EVs have a significant lower cost per kilometer 

with respect to internal combustion engine vehicles [28].  
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Nevertheless the EVs battery charging will increase the electricity demand, so this 

technology could have a big impact on the electric network. Different researches 

highlight that, in high penetration of EVs scenario, the charging of the EVs is not 

applicable for the current distribution network. 

In [29] the authors proposed a method to evaluate the impacts of uncoordinated plug-in 

EVs charging on the electric distribution grid during peak periods. The impact analysis 

was performed in terms of voltage violations, power losses and line loading, and 

implemented on a real distribution system in Canada. The authors showed that there are 

significant impacts on distribution networks due to EVs charging.  

Ref. [30] analyzed the effect of wide penetrations of EVs on distribution and 

transmission network. The results showed that 100% penetration of electric vehicles 

may cause serious overloading of the medium voltage transformers.  

In [31] the authors proposed a stochastic modeling technique for analyzing impacts of 

EVs charging demand on distribution network. Numerical results highlighted that smart 

charging could reduce security problems due to high diffusion of EVs. The smart charging 

of EVs allows customers and network operators to manage the charging profile in order 

to get technical and economic benefits; it can be considered as a specific demand side 

management of EVs. 

In order to meet the growing load due to the diffusion of EVs, the construction of new 

infrastructures seems to be required. To avoid or at least contain the huge investment 

needed to reinforce the electric network and to reduce the negative effects on electric 

distribution network (transformers and line saturation, increase of electrical losses, 

voltage deviation, etc.), several studies investigated the advantages connected to a 

smart charging of EVs [32].  

Some papers investigated the possible synergy between micro-cogeneration (MCHP, 

Micro Combined Heat and Power) and electric vehicle charging. In fact the introduction 

of MCHP systems allows reducing the impact of the EVs charging on the electric grid. 

In [33] the authors analyzed the advantages related to the charging of an EV with an 

MCHP system in a single detached house in Ottawa (Canada). From this study, an 

increase of the self-consumed electricity due to the EV battery charging emerged. This 

aspect led to economic advantages related to a better economic valorization of the 

“produced” electricity.  
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In ref. [34] the performance of a fuel cell cogenerator system combined with a plug-in 

hybrid EV was analyzed by an optimal operation planning model based on mixed integer 

linear programming. The analysis was carried out in a country, like Japan, where the 

reverse power flow from residential MCHP to the electric grid is not allowed. The 

authors highlighted how the introduction of EV charging allows increasing the electric 

capacity factor of the MCHP.  

Refs [35][36] analyzed the energy, environmental and economic performance of a 

residential building-integrated micro-cogeneration system. This study also analyzed the 

effect of the introduction of overnight EV charging, that allows an increase of energy 

performance in the case of electric load-following operation of MCHP; otherwise the EV 

charging slightly reduces the energy performance in the case of thermal load-following 

operation. Including the overnight charging of EV, the MCHP system provided better 

environmental and economic results in case of electric load-following operation.  

All these studies analyze the effects of EV charging on the MCHP performance without 

considering the influence of the charging strategy on the whole system performance.  

Another interesting solution analyzed in this thesis refers to the introduction of hybrid 

energy system that combine two or more energy conversion devices, or two or more 

fuels for the same device, that when integrated, overcome limitations inherent in either 

[37], [38]. Among them, the hybrid renewable energy systems are hybrid energy system 

that integrates the use of conventional and renewable energy sources [39]. The use of 

renewable energy sources offers notable energy and environmental benefits by reducing 

dependence on fossil fuel and carbon dioxide emissions to the atmosphere. Otherwise 

some technologies using random renewable energy source, such as solar or wind 

energy, requires some back-up generating capacity due to their intermittent nature. 

Therefore coupling different technologies based on renewable and conventional source 

is possible to use the strength and disadvantages of one source to counterbalance those 

of the other. In fact a hybrid renewable energy system combine the high primary energy 

saving and the emission reduction related to the use of a renewable energy source to 

the reliability of an energy system powered by a traditional energy vector (electricity, 

natural gas, etc.).  



16 
 

The last analyzed solution consists in the use of Urban Energy Maps (UEMs) to locate an 

urban area suitable for the introduction of a polygeneration system. An analytical 

methodology aimed to characterize the energy performance of a wide building stock is 

proposed for both winter and summer [40]. The method was applied to the entire 

historical center of Benevento (Italy) and the results of the methodology are transferred 

into Geographic Information Systems (GISs) in order to create the Urban Energy Maps. 

These thematic maps could assist planners and stakeholders in to identify energy, 

environmental and economic effects of energy improving measures. Therefore the 

UEMs are a suitable tool dedicated to local government, usable for advanced energy 

planning. Using this tool is immediate to obtain a visual identification of energy 

performances and criticalities and evaluate possible improvement measures, with 

reference to whole city districts. In this thesis the UEMs are utilized to investigate on the 

installation of CCHP system, designed for satisfying the overall energy demands of a city 

block, by means of proper heating, cooling and electrical energy nets.  

The thesis has been divided into three chapters. In the first part of chapter 1 the 

analyzed micro-cogeneration system, which consists of a 6 kWel MCHP system, a peak 

boiler and a Thermal Energy Storage (TES), was introduced. The analyzed system and its 

energy interaction with the end users was modelled by means a dynamic simulation 

software. The models of the main components and their calibration and validation 

procedure, which was based on experimental and literature data, were described too. 

After, the energy, environmental and economic performances of the analyzed MCHP 

system were evaluated in different conditions. In the first analyzed case, the end users 

consist of a residential and an office building in load sharing approach. The MCHP 

system was managed by means of a thermo-economic control function, aimed at 

minimizing the operation cost of the system. Simulations have been performed 

considering different scenarios in terms of climatic conditions and prices of energy 

vectors (in order to evaluate the effects of the introduction of ESCo); the results show 

that the thermal load sharing approach is an effective way to increase the operating 

hours of the MCHP system in moderate climatic conditions, like Italian ones, typically 

characterized by low thermal load and few hours of heating system operation, achieving 

satisfying economic, energy and environmental performance. In the second analyzed 
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case, the users consist of a residential and an office building characterized by a higher 

level of thermal insulation with respect to the current building stock. A load sharing 

strategy between a multifamily residential building and an office one is taken in account. 

Particular attention is given to the estimation of electric load of the different users as 

the economic profitability of an MCHP system is strongly influenced by the amount of 

self-consumed electricity. The results indicate that the installation of MCHP systems in 

buildings with low thermal energy demand in load sharing allows increasing the 

percentage of self-consumed electricity reducing the bidirectional electricity flow 

between the users and the external grid, reducing the impact on the grid itself due to 

the large diffusion of distributed generation systems. In the last section of chapter 1, the 

interaction between an MCHP system, the EV charging and a typical semidetached 

house is investigated by means of dynamic simulations. The analysis is carried out in two 

different locations (Torino and Napoli) in order to evaluate the effects of climatic 

conditions on the system performance. A parametric analysis with respect to the daily 

driving distance of the EV is carried out in order to highlight the effect of this parameter 

on the simulation results. Furthermore two EV charging strategies are analyzed in order 

to maximize the share of self-consumed electricity.  

The results state that operating cost reductions of the proposed system with respect to 

the reference one up to 60% can be achieved. Moreover the optimized charging 

strategy, with respect to the normal one, allows decreasing the operating cost of a 

percentage up to 11%. 

In the chapter 2 the introduction of micro-cogeneration hybrid energy systems in load 

sharing approach are investigated using dynamic simulations. Once the advantage of 

load sharing approach was demonstrated, the performances of two different hybrid 

systems in load sharing scenario were analyzed. The first hybrid system consists of a 

micro-cogenerator based on FC and a Ground Source heat Pump (GSHP) while the 

second consists of Photovoltaic Thermal (PVT) collectors and a GSHP. Therefore both the 

hybrid systems are based on a MCHP and a GSHP, but only the latter represents a 

renewable hybrid energy system due to the presence of PVT collectors. The 

performances of these two systems were also compared to a stand-alone GSHP system 

in order to analyze the advantages of hybrid systems to a single GSHP system. 
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Finally, in the chapter 3 the use of UEMs to localize an urban area suitable for the 

introduction of a polygeneration system is investigated. Firstly a methodology able to 

estimate the energy demand of the existing building stock is presented. Secondly, the 

methodology was applied to the historical centre of Benevento in order to characterize 

its energy performance. Subsequently, the study highlighted the potentiality of UEMs in 

order to design a polygeneration system and a district heating and cooling network able 

to meet the energy requirements of a cluster of users.  

Part of the research activities reported in this thesis was performed during the research 

period held at CanmetENERGY Research Centre, Natural Resources Canada, in Ottawa 

(Ontario, Canada).  

This thesis work reports the main research activities results performed during the PhD 

period, that are also published in international journals and conferences as reported in 

the list of personal publications. 
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CHAPTER 1: Investigation on the performance of a micro-

cogeneration system in different applications  

In this chapter, the performances of a micro-cogeneration system that consists of an 

MCHP, a TES and a peak boiler are analyzed by means dynamic simulations. In particular, 

in section 1.1 the system configuration and the physical characteristics of the main 

components are described. After, in the section 1.2, the modelling approach is 

introduced starting from dynamic simulation software (TRNSYS) overview. Subsequently 

the models of the main components and their calibration and validation procedure are 

analyzed. In section 1.3 the typical 3-E simplified approach (Energy, Environmental and 

Economic approach) and the main assumption about the definition of the parameters 

used in the energy, environmental and economic analysis are presented. In subsequent 

sections the performances of the analyzed MCHP system are evaluated in different 

conditions (type of users, climatic condition). In particular in section 1.4 the end users 

consist of a residential and an office building in load sharing approach. The MCHP 

system is managed by means of a thermo-economic control function, aimed at 

minimizing the operation cost of the system. Simulations have been performed 

considering different scenarios in terms of climatic conditions and prices of energy 

vectors (in order to evaluate the effects of the introduction of ESCo). In section 1.5, the 

users consist of a multifamily residential building and an office one in load sharing 

approach. Both the buildings are characterized by a low thermal energy demand with 

respect to the current building stock. Finally in section 1.6 the interaction between an 

MCHP system, the EV charging and a typical semidetached house is investigated 

considering different climatic conditions and two EV charging strategies. 

 

1.1 System configuration 

The analyzed MCHP system consists of three main components ( Figure 1.1):  

• micro-cogenerator; 

• thermal energy storage; 

• peak boiler. 

In Figure 1.1 the configuration of the analyzed system is showed.  
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 Figure 1.1. System configuration.  

 

The installed MCHP is manufactured by AISIN-SEIKI, a Japanese TOYOTA group company, 

model GECC60A2N (Figure 1.2) [41].  

 

 

Figure 1.2. The AISIN-SEIKI micro-cogenerator.  
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It is based on a reciprocating internal combustion engine fuelled by natural gas. The 

main characteristics of the MCHP are reported in Table 1.1 [41]. It has a nominal electric 

power of 6.0 kW and a nominal thermal power of 11.7 kW. Despite its compact design, 

the MCHP has high rated performance: Primary Energy Ratio (PER, namely the ratio of 

the useful thermal and electric energy supplied to the end-user to the primary energy 

input) of 85.0%, electrical efficiency of 28.8% and thermal efficiency of 56.2%. 

Table 1.1. MCHP manufacturer data [41]. 

Power [kW] 

Input  20.8 

Electric  6.0 

Thermal  11.7 

Efficiencies [%] 

Electric  28.8 

Thermal  56.2 

PER 85.0 

Fuel  Natural gas 

Weight [kg]  465 

Size [mm] 

Height 1500 

Width 1100 

Depth 660 

Engine 
Displacement [cm3] 952 

Rotational speed [rpm] 1600-1800 

Generator 
Permanent magnet, synchronous generator 
with 16 pole 

Sound level [dBA]  54 
 
 
Figure 1.3 shows the heat recovery circuit of the AISIN MCHP system. The thermal 

energy is recovered from the engine jacket and the exhaust gas and it is transferred to 

the water in a brazed plate heat exchanger. Two thermostatic valves manage the 

operation of the MCHP cooling circuit. If the cooling fluid temperature is lower than 55°C 

the plate heat exchanger is by-passed (2) in order to ensure a rapid engine warm-up. 

Otherwise if the cooling fluid temperature is higher than 75°C part of it flows in the 

radiator (7) in order to disperse the exceeding heat and preserve the engine operation. 

In a normal operation mode (cooling fluid temperature between 55°C and 75°C) the 

engine coolant outlet from the engine (1) crosses the plate heat exchanger (5) and then 

the radiator is bypassed (6). In each operation condition the engine coolant exit to the 

thermostatic valve (3) crosses the exhaust gas heat exchanger (4) and flows in to the 

reciprocating internal combustion engine.  
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Figure 1.3.Thermal recovery circuit of the AISIN MCHP. 

 

The MCHP can operate in two modes: “electric” led and “heat” led. In the first case it 

can deliver a variable electrical power from 0.3 kW to 6.0 kW in order to follow the 

electric load of the user; in the second case the system can operate only at full electric 

and thermal load with ON/OFF regulation. In the analyzed case the MCHP operates in 

“heat” led mode at full electric power; therefore, the MCHP is turned on and off 

according to the temperature of the TES. According to the supply temperature of the 

MCHP (65°C maximum), and in order to limit the use of the peak boiler, the temperature 

inside the TES is kept in the range 50-55°C. In particular the MCHP is turned off when the 

temperature inside the TES is greater than 55°C and it is turned on when the 

temperature drops below 50°C. The choice of TES operation temperature is also related 

to the supply temperature of fan coils (50-55°C) installed in the end users. If the 

electricity output to the MCHP system is greater than the electricity user demand a part 

of it is sold to the electric network. 
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The MCHP system is sized in order to meet the base of the user thermal load, while the 

peak loads are met by means a peak boiler fuelled by natural gas. Therefore the size of 

this component (peak boiler) depends on the thermal load of the final user; for this 

reason, in the following sections, a different peak boiler sizes will be introduced for each 

application.  

The TES is a typical sensible heat storage using water as storage medium (Figure 1. 4).  

 

 

Figure 1. 4. Analyzed thermal energy storage. 

 

The storage tank is built from carbon steel, with a capacity of 1,000 liters. It has three 

heat exchangers: two of them, placed in the lower and upper part of the storage, are 

carbon steel heat exchangers that can interact with external energy conversion devices. 

The third one, which extends along the whole height of the storage, is a stainless steel 

corrugated coil heat exchanger for domestic hot water “production”. A third energy 

conversion device can directly interact in open circuit with the fluid stored in the tank. 

The tank is insulated with a layer of 100 mm thick polyurethane.  

Figure 1.1 shows how the different components are connected each other. The MCHP 

thermally interacts with the lower internal heat exchanger (IHE1) of the TES. The IHE2 is 

not used. The IHE3 is used for DHW “production”. The heat transfer fluid (water) of the 
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space heating circuit directly interacts in open circuit with the fluid stored in the TES. If 

the water temperature at the outlet of the TES is lower than 50 °C, the peak boiler is 

turned on in order to keep the supply temperature, to the fan coils, in the range 50-55 

°C. 

 

1.2 Modelling approach 

The analyzed system and its energy interaction with the end users is modelled by means 

TRNSYS (TRaNsient SYstem Simulation program) [42], a dynamic simulation software. It 

was developed by University of Wisconsin’s Solar Energy Lab and the University of 

Colorado’s Solar Energy Applications Lab in the 1970s. It is a transient simulation 

software widely used, in the field of energy, to simulate the interaction between 

buildings and energy conversion systems. It is used by engineers and researchers around 

the world to validate new energy concepts, from simple domestic hot water systems to 

the design and simulation of buildings and their equipment, including control strategies, 

occupant behavior, alternative energy systems (wind, solar, photovoltaic, hydrogen 

systems), etc. 

TRNSYS has a modular structure and each component of the system is modelled by 

means of subroutines (“types”) available in its library [42][43]. The components can be 

connected together to create complex systems. A graphical interface (Simulation Studio) 

allows to build the model by means the connection of the outputs one component to 

the inputs of another. Once the necessary links between components are made and 

values of each component parameters (time independent values) are assigned the 

Simulation Studio interface can build the TRNSYS input file. TRNSYS simulation engine 

(called the kernel) reads and processes the input file, iteratively solves the system, 

determines convergence, and plots and/or saves system variables.  

TRNSYS software is able also to model the thermal behavior of a building by means the 

TRNBuild tool; it is an interface for creating and editing all enter inputs data for 

multizone buildings model. It allows the user to specify all the non-geometry 

information required by the TRNSYS building model, such as the building structure 

details (wall and layer material properties, windows optical properties), ventilation and 

infiltration profiles, internal gains caused by occupancy and use, heating and cooling 
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schedules, etc. The model is defined in TRNBuild tool and it is linked with Simulation 

Studio through the Type 56 component. 

In order to model the transient thermal behavior of an energy system the weather data 

of different locations is often required. Therefore TRNSYS has different types able to 

read standard or user defined format weather files. In this way, simulations can be 

performed using available weather data based on weather stations measurements. 

Some weather data are distributed with TRNSYS; they are based on two data sources: 

• US-TMY2 (Typical Meteorological Year) data sets from US National Renewable 

Energy Lab (NREL) and derived from the 1961-1990. The dataset includes 237 

locations in the United State, and 2 files for Puerto-Rico and Guam. 

• Selected worldwide stations from Meteonorm [44] (distributed under license 

from Meteotest), that includes more than 1000 locations, in about 150 countries. 

The weather data are available in "TMY2" output format. 

In the following sub-sections the main models used in the simulations are described. 

 

1.2.1 Micro-cogenerator model  

The microcogeneration system was simulated through a dinamic model developed 

within IEA/ECBCS Annex 42 [45][46]. It is a combustion-based cogeneration device 

model which is able to accurately predict the thermal and electrical outputs of any 

combustion-based CHP systems. 

The model operation requires the calibration of 103 coefficients; therefore the model 

needs to be calibrated by means of experimental data. The CHP performances are 

modelled using empirical data contained within a “performance map” and by knowledge 

of thermally massive elements of CHP in order to carry out its dynamic thermal 

performance. 

The internal energy exchanges that occur in the CHP system are described with two 

empirical correlations that define the system’s part-load electrical and thermal 

efficiencies. 
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The dynamic thermal characteristics of CHP are defined by means mass and energy 

balances on three control volumes (Figure 1.5):  

• the energy conversion control volume includes the engine working fluid, 

combustion gases and engine alternator. This control volume uses the 

information from the performance map in order to evaluate the electricity 

production and the generated thermal energy input to the thermal model;  

• the thermal mass control volume take in account the aggregated thermal 

capacitance of the engine block and most internal heat exchange equipment; 

• the cooling water control volume take in account the thermal capacity of the 

cooling water flowing through the CHP and the part of heat exchanger in 

immediate thermal contact with the cooling water. 

 

Figure 1.5. Cogeneration model control volumes. 

 

The conversion of fuel chemical energy into thermal and electric energy under steady 

conditions is considered in the energy conversion control volume: 

P���,�� � η�	q���� (1.1) 
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q���,�� = η��q���� (1.2) 

q���� = m� ���	LHV���	 (1.3) 

 

where P���,�� is the steady-state electrical output [W], q���,�� is the steady-state rate of 

heat generation within the engine [W], q���� is the gross heat input into the CHP 

system [W],	η�	 and η�� are, respectively, the thermal and electric steady-state 

efficiencies under part-load condition,  m� ���	 and LHV���	 are the fuel flow rate and its 

lower heating value respectively.  

The steady-state conversion efficiencies are expressed as function of cooling water mass 

flow rate, m� ��, cooling water inlet temperature, T��,�, and net electrical power output 

under steady-state condition, P���,��: 
 

η�	 = f�m� ��; 	T��,�; 	P���,��� (1.4) 

η�� = f�m� ��; 	T��,�;	P���,��� (1.5) 

  

The efficiencies are represented by two above 2nd order truncated tri-variate polynomial 

functions. Each correlation has 27 empirically derived coefficients. 

Due to the effects of heat losses and thermal mass of the engine, which store some of 

the “produced” heat, the heat recovered could differ from steady-state rate of heat 

“generated”. Therefore the thermal energy transferred from the engine to the cooling 

water, q� 	, could be expressed as follows: 

 

q� = [UA]� �T��� − T��,� (1.6) 

 

where [UA]�  is the overall thermal conductance between the engine and the cooling 

water control volumes,	T��� is the average temperature of engine control volume and 

T��, is the cooling water temperature exiting the CHP device.  

The heat losses are proportional to the temperature difference between the engine 

control volume and the surroundings: 
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q	�� = [UA]	���T��� − T�&� (1.7) 

 

where [UA]	�� represents the effective thermal conductance between the engine 

control volume and the surroundings. 

The engine temperature and the cooling water temperature exiting the CHP can be 

obtained from an energy balance on the engine thermal mass and cooling water control 

volumes: 

 

[MC]��� )dT���dt , = q���,�� − [UA]� �T��� − T��,� − [UA]	���T��� − T�&� (1.8) 

[MC]�� -dT��,dt . = [UA]� �T��� − T��,� + [m� c1]���T��,� − T��,� (1.9) 

 

where [MC]��� and [MC]�� represent the thermal capacities of the corresponding 

control volumes; while [m� c1]�� is the thermal capacity flow rate associated with the 

cooling water. 

The maximum rate of variation allowed in the fuel flow is ensured by the following 

equations: 

 

dm� ���	dt = 2m� ���	,3�&4�3�5∆� −m� ���	� 2∆t  (1.10) 

m� ���	�5∆� = 7 m� ���	,3�&4�3�5∆�
m� ���	� ± -dm� ���	dt .&49		 

if	 dm� ���	dt ≤ -dm� ���	dt .&49if	 dm� ���	dt > -dm� ���	dt .&49
 (1.11) 

 

where m� ���	,3�&4�3�5∆� 	is the system fuel flow rate requested by a high-level control (kg/s), t 

is time (s), and ∆t is the duration of the simulation time step (s); =3&� >?@A3� B&49 represents 

the maximum rate of change in the system fuel flow rate. 

Likewise, the rate of variation in the CHP system’s power output is compared to the 

maximum rate of change empirically derived: 
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dP���dt = 2P����5∆� − P���� 2∆t  (1.12) 

P����5∆� = 7 P���,���5∆�
P���� ± -dP���dt .&49		 

if	 dP���dt ≤ -dP���dt .&49if	 dP���dt > -dP���dt .&49
 (1.13) 

 

where =3CD@E3� B&49 is the maximum variation rate in the CHP system’s power output. 

The previous equations describe the function of MCHP system in normal operation. 

However CHP system can operate in other three operation mode: 

• Standby: when no electric or thermal energy is required. Therefore the CHP 

system does not consume fuel, but the operation of the control system requires 

electricity. The function in this operation mode is described by the following 

equations: 

P��� = P���,��4�3FGq��� = 0m� ���	 = 0  (1.14) 

where P���,��4�3FG is the electricity required in standby mode. 

• Warm-up: it is the period during which there is a static time delay between 

activation of the unit and electrical power generation. This time delay is the 

warm up time, t�4�&I�1. The Annex model assumes that the warm-up 

characteristics of internal combustion engines do not depend to engine 

temperature. If tJ is the time at which the CHP is started, the power “generated” 

is expressed by: 

K P���.�4�&I�1 = 0	P���.�4�&I�1 = P3�&4�3	 if	Mt − tJN < t�4�&I�1if	Mt − tJN ≥ t�4�&I�1 (1.15) 

• Cool-down: in this operation mode the engine does not consume fuel, but it does 

not generate thermal energy. The electricity consumption is due to auxiliary 

electrical systems required to complete the shutdown. Therefore: 
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P��� = P���,�	I3��q��� = 0m� ���	 = 0  (1.16) 

 

The switching between the different operation modes depends on the activation and 

deactivation of the CHP system. The normal operation mode persists for indefinite 

periods of time, until the unit is deactivated. Likewise the standby persists until the unit 

is activated. Otherwise the warm-up and cool-down mode are intermediate operation 

mode that persist until the specified period lapses. So the warm-up mode occurs in the 

switching from stand-by to normal operation, while the cool-down occurs in the 

opposite transition (from normal mode to stand-by). 

More detailed information about the analyzed MCHP model is available in reference 

[45]. The Annex MCHP model was calibrated and validated for the analyzed MCHP (AISIN 

SEIKI unit) in ref. [46]. In Table 1.2 the parameters used in the MCHP model are 

reported. All the information about the calibration and validation methodology and 

results can be find in ref. [46]. 

 

Table 1.2. MCHP model parameters. 

Number Parameter name Description Value Unit 

1 fPower_Out_max System maximum power 5596.2 W 

2 fPower_Out_min System minimum power 300 W 

3 fCW_Temp_max Maximum cooling water outlet temperature 90 °C 

4 iFuel_Type Fluid type (liquid or gaseous) 2 - 

5 fFuel_LHV Liquid fuel lower heating value LHV 9.59 kWh/N

m
3
 

6 fFuel_CO2_intensity Liquid fuel CO2 factor 0.2 Kg/ Nm
3
 

7 fFuel_Comp(Hydrogen) % hydrogen in fuel gas mixture 0 mol/mol 

8 fFuel_Comp(Methane) % methane in fuel gas mixture 0.99461 mol/mol 

9 fFuel_Comp(Ethane) % ethane in fuel gas mixture 0.00063 mol/mol 

10 fFuel_Comp(Propane) % propane in fuel gas mixture 0.00009 mol/mol 

11 fFuel_Comp(Butane) % butane in fuel gas mixture 0.00008 mol/mol 

12 fFuel_Comp(Pentane) % pentane in fuel gas mixture 0 mol/mol 

13 fFuel_Comp(Hexane) % hexane in fuel gas mixture 0.0001 mol/mol 

14 fFuel_Comp(Methanol) % methanol in fuel gas mixture 0 mol/mol 

15 fFuel_Comp(Ethanol) % ethanol in fuel gas mixture 0 mol/mol 

16 fFuel_Comp(C_Monoxide) % CO in fuel gas mixture 0 mol/mol 

17 fFuel_Comp(C_Dioxide) % CO2 in fuel gas mixture 0.0003 mol/mol 

18 fFuel_Comp(Nitrogen) % nitrogen in fuel gas mixture 0.00419 mol/mol 

19 fFuel_Comp(Oxygen) % oxygen in fuel gas mixture 0 mol/mol 

20 fFuel_Flow_Change_max Maximum rate of change in fuel flow 1000000 - 

21 fGross_Power_Change_Max Maximum rate of change in power output 760 - 

22 fEffective_MC_Engine Power system thermal mass 82845 J/K 
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23 fEffective_UA_HX Effective heat recovery UA coefficient 3493 W/K 

24 fEffective_UA_Loss Effective heat loss UA coefficient 58 W/K 

25 fEffective_MCHX Heat exchanger thermal mass 7955 J/K 

26 fPeriod_Dur_(OP_Startup) Start-up (warm-up) period duration 129 s 

27 fPeriod_Dur_(OP_Shutdown) Cool-down period duration 331 s 

28 iCooldown_Mode Cool-down period mode 1 - 

29 el_out_CD_Period Electric output at cool-down -190 W 

30 el_out_standby Net electrical output in standby mode -90 W 

31 fCorr_MIN_Power_Out Power output correlation minimum bound 500 W 

32 fCorr_Max_Power_Out Power output correlation maximum bound 5630 W 

33 fCorr_MIN_CW_temp Cooling water temperature correlation minimum 

bound 

15 °C 

34 fCorr_MAX_CW_temp Cooling water temperature correlation maximum 

bound 

70 °C 

35 fCorr_MIN_CW_Flow Cooling water flow correlation minimum bound 0.18 kg/s 

36 fCorr_MAX_CW_Flow Cooling water flow correlation maximum bound 0.29 kg/s 

37 fPM_elec_coeff Coefficient 0.0361 - 

38 fPM_elec_coeff Coefficient -4.389 10
-9

 - 

39 fPM_elec_coeff Coefficient 6.6907 10
-5

 - 

40-63 fPM_elec_coeff Coefficient 0 - 

64 fPM_Therm_coeff Coefficient 0.9368 - 

65 fPM_Therm_coeff Coefficient 4.4399 10
-9

 - 

66 fPM_Therm_coeff Coefficient -6.9417 10
-5

 - 

67-90 fPM_Therm_coeff Coefficient 0 - 

91 iCW_Loop_conf Cooling water loop: pump configuration 2 - 

92-100 PM_flow_coeff Coefficient 0 - 

101-103 PM_air_coeff Coefficient 0 - 

 

1.2.2 Thermal energy storage model 

Thermal energy storage (TES) is attracting growing interest for different applications 

such as space heating and cooling and domestic hot water production. TES would appear 

to be the most appropriate method to reduce the mismatch that sometimes occurs 

between energy supply and demand. 

There are three different categories of TES system: 

• sensible heat storage, in which thermal energy is stored by raising the 

temperature of a solid or liquid without phase change in the temperature range 

of the storage process [47],[48]; 

• latent heat storage, based on heat absorption or release when a storage material 

undergoes a phase change from solid to liquid or liquid to gas or vice versa [48], 

[49] and [50]; 
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• thermochemical energy storage, based on energy absorbed and released in 

breaking and rebuilding molecular bonds in a completely reversible chemical 

reaction [48]. 

The use of TES systems can bring about several benefits including [48]: 

• Increased “generation” capacity. Thermal energy demand for heating and cooling 

is seldom constant over time. During low demand periods, therefore, the excess 

available “generation” can be used to charge a TES, thereby increasing the 

effective generation capacity during high-demand periods. This allows for the 

installation of a smaller production unit, increasing its utilization factor. 

• to shift energy purchases to low-cost periods. This allows energy consumers 

subject to time-of-day pricing to shift energy purchases from high to low-cost 

periods. 

• Increased system reliability. As a general rule, any form of energy storage 

increases system reliability. 

On the other hand the introduction of TES does have some disadvantages, such as its 

cost and the energy losses towards the environment. Furthermore, it is important to 

note that correct TES sizing, with reference to both CHP (Combined Heating and Power) 

rated output and end-user characteristics, is essential to the energy performance of the 

building-integrated CHP system. 

The diffusion of solar thermal systems and CHP [3],[10],[51] and CCHP (Combined 

Cooling, Heating and Power) [52],[53] systems in small size applications shows the 

importance of using TES systems, which are able to temporally decouple energy 

“production” from “use”.  

In applications related to space heating, where operating temperatures are low (below 

90°C), the most commonly-used TES systems are sensible ones that use water as a 

storage material. This is because water has relatively high specific heat and density; it is 

also non-toxic and low-cost.  

The importance of TES in solar thermal system, due to the discontinuity and uncertainty 

of solar source, is obvious. Moreover TES are important also in other applications. 

Arteconi et al. [54] investigate the effect of demand-side management in a domestic 
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heating system, which consisted of a heat pump coupled with a TES unit, in Northern 

Ireland (UK) scenario. Using TES system allowed to switch off the heat pump during peak 

hours, therefore it was possible to achieve a reduction of the electricity bill if a “time of 

use” tariff structure was adopted. 

Furthermore TES coupled with CHP and CCHP systems enables to store the surplus 

thermal energy, in order to increase operating hours and consequently obtain primary 

energy savings with respect to traditional systems based on separate “production”. 

Several studies confirmed that the introduction of TES in CCHP systems provides energy, 

environmental and economic benefits.  

Haeseldonckx et al. [55] evaluated the impact of TES on the operating behavior of a 

micro cogeneration system for residential use. It was established that the introduction 

of TES led to longer operating hours and more continuous operation of the cogeneration 

system, resulting in a CO2 reduction almost three times higher than without the TES.  

Pagliarini et al. [56] analyzed a practical case study of a cogeneration system coupled 

with a TES system in buildings belonging to Parma University (Italy). The results of the 

energy and economic analysis confirmed the effectiveness of the TES-based solution, 

providing important guidelines in the choice of optimal size. 

Smith et al. [57] investigated the benefits of a TES combined with a CHP system in eight 

different commercial building types. In each case, the CHP system reduced operating 

costs, primary energy consumption, and carbon dioxide emissions with respect to the 

reference case based on separate “production”. For six of the eight buildings, adding 

thermal storage provided further energy, environmental and economic improvements. 

Fragaki et al. [58] analyzed the economics and optimum size of CHP, based on gas-

fuelled engines and thermal storage in British market conditions. The authors stressed 

that thermal storage could improve the overall economics of CHP plants in UK 

applications.  

Barbieri et al. [59] highlighted the influence of the size of TES on the energy and 

economic performance of a CHP system. The results showed that the effect of the size of 

the thermal energy storage was not linear and increased the more the thermal power 

delivered by the CHP system. 
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All these studies have shown the importance of including TES in a CHP plant, but in some 

of these the hot water tank is modeled as ideal. In some studies, the energy balance was 

based on only first law of thermodynamics, neglecting storage fluid temperature and the 

system (fan coil, radiator, etc.) used to satisfy the user’s demand. The energy losses by 

the TES and thermal stratification were often neglected. Celador et al. [60] showed the 

effect of different hot water storage tank modeling approaches on the global simulation 

of residential CHP plants as well as their impact on economic feasibility. More 

specifically, the authors showed that the global energy and exergy efficiency of the plant 

for the three modelled cases were similar, while important differences were found in 

terms of economic results.  

In some applications, such as solar thermal systems, neglecting the effect of thermal 

stratification can affect simulation results. Cristofari et al. [61] showed that, with a high 

degree of stratification, energy saving was greater (5.25% per annum) than with a fully 

mixed tank.  

The importance of using appropriate mathematical models in TES simulation is therefore 

clear. It is today possible to model the behavior of a hot water tank with high accuracy, 

through the use of multidimensional models using computational fluid dynamics codes. 

The design of innovative storage concepts and the optimization of existing systems make 

them particularly attractive [62]. The use of multidimensional models of TES in long-term 

energy simulations (yearly based, for example) involves high computational costs. The 

possibility of using one-dimensional models is based on the consideration that the 

temperature gradient exists along the vertical direction only, while it is negligible along 

the radial direction. This assumption was confirmed by the experimental study reported 

in [63].  

In this section an experimental analysis of a storage tank with a capacity of 

approximately 1,000 liters, was performed in order to calibrate and validate a 1-D model 

of the TES.  

More specifically, the experimental data enabled to: 

• evaluate the effective heat capacity; 

• estimate the overall heat transfer coefficient for heat losses; 
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• estimate the overall heat transfer coefficient for heat losses of the bottom 

surface; 

• calibrate a Nusselt–Rayleigh correlation in order to evaluate the natural 

convection heat transfer coefficient of the heat exchanger immersed in the water 

storage tank; 

• validate the TES model. 

Finally, different dynamic simulations of solar thermal heating systems are carried out in 

order to highlight the influence of the TES model and its calibration and validation on 

annual energy performance.  

 

1.2.2.1 Mathematical model 

A model that enables the simulation of the behavior of the tank installed at the test 

facility is related to the "type 60f", the most detailed model available in "TRNSYS" to 

simulate a stratified thermal storage [42][64][65]. It models a stratified fluid storage tank 

with optional internal heaters and heat exchangers. 

In order to simulate thermal stratification, the tank can be modeled with N (N < 100) 

fully-mixed equal volume nodes, for each of which uniform temperature is assumed. If N 

is equal to 1, the storage tank is modeled as a fully-mixed tank and no stratification 

effects are possible. Options of unequal size nodes, temperature dead band on heater 

thermostats, incremental overall heat transfer coefficient for heat losses, non-circular 

tanks, horizontal tanks, and flue losses of a gas auxiliary heater are also available. 

The energy balance for the generic node i, Figure 1.6, is expressed as (neglecting the 

terms related to auxiliary electric and gas heaters and assuming constant specific heat 

and incompressible fluid) [42][64][65]: 
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Figure 1.6. Energy balance for the generic node i. 

 

The first term of the equation (1.17) represents the energy variation of node i of TES per 

infinitesimal unit time. The terms [ ] )()( 11, iiiiic TTxAkk −∆∆+ +→+  and [ ] )()( 11, iiiiic TTxAkk −∆∆+ −→−
 

show the thermal power exchanged by conduction between node i and those adjacent, 

by conduction. These terms take into account the de-stratification in the storage tank, 

which is mainly driven by thermal conduction within the fluid (k) and conduction along 

the tank wall ( k∆ ). )()( ,tan ienvisik TTAUU −∆+  represents the heat loss by node i of TES. 

Different overall heat transfer coefficients for heat losses can be considered for each 

node through an incremental coefficient (∆QR). The terms 
1−idown cTm& , iupcTm& , cTm down&  and 

1+iupcTm&  represent the thermal power associated with the mass flow between adjacent 

nodes. The energy balance considers the possible heat flows associated with the 

presence of a heat exchanger in node i (
1ln1 TUA hx ∆ ,

2ln2 TUA hx ∆ , and 
3ln3 TUAhx ∆ ). The heat 

transfer due to mass flows entering or exiting the TES represented by the last four terms 

on the right-hand side of the energy balance. 

The next section gives a description of the terms included in Eq. 1.17. 
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1.2.2.2 Test facility 

The test facility installed in the laboratory of Università degli Studi del Sannio (Italy) 

consists of (Figure 1.7): 

• a thermal storage tank; 

• a natural gas fired micro-cogeneration (MCHP, Micro Combined Heat and Power) 

system; 

• a natural gas fired boiler; 

• an air-to-water heat exchanger. 

 

 

Figure 1.7. Diagram showing experimental plant installed in the laboratory of University 
of Sannio (Italy). 

 

The main storage tank characteristics are described in the previous section 1.1. Figure 

1.8 shows the connections between the TES and the other components as well as the 

detailed dimensional characteristics of the TES.  

As shown in Figure 1.7, the lower heat exchanger of the storage tank is connected with 

the cogeneration system. The main characteristics of the installed MCHP system are 

reported in the previous section 1.1. 
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Figure 1.8. Connections and dimensional characteristics of TES [66]. 

 

The boiler interacts directly with the water in the tank. It is fuelled by natural gas and 

deliverers a nominal heat output of 12.0 kW with a thermal efficiency of 90.2%.  

The thermal energy requirements of the user are simulated by means of an air-to-water 

heat exchanger. A feedback control system, acting on the mass flow rate crossing the 

heat exchanger, enables the user’s thermal load profile to be simulated. 

The experimental plant is equipped with the following measuring sensors: 

• ambient temperature; 

• water temperature; 

• water mass flow rate; 

• natural gas mass flow rate. 

Table 1.3 reports the characteristics of each measuring instrument installed in the 

laboratory.  

The signals from the measuring instruments are acquired with field point system and 

sent to a PC where they are processed and recorded through a user interface that allows 

for the setting of the sampling period and monitoring of the test facility operation. It 

also enables to set the thermal load profile that the air-to-water heat exchanger must 
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follow, by means of the feedback control system. It uses a control signal to act on the 

three-way valve upstream of the air-to-water heat exchanger. 

 

Table 1.3. Characteristics of measuring instruments installed in the laboratory. 

Parameters Unit Instrument 
Measuring 
Range 

Accuracy 

Water temperature °C 
Resistance 
thermometer Pt100 

-10÷120 °C ±0.15 °C at 0°C 

Mass flow rate of natural 
gas 

Nm3/h 
Thermal mass flow 
meter 

0÷2.5 Nm3/h ±0.2% full scale 

Volumetric flow rate of 
MCHP and boiler 

L/min 
Ultrasonic flow 
meter 

0.1÷50 L/min 
≤0.01 % of full scale + 
2% of measuring value 

Volumetric flow rate of 
air-to-water HE 

L/min 
Ultrasonic flow 
meter 

1-200 L/min 
≤0.01 % of full scale + 
2% of measuring value 

Ambient Temperature °C 
Resistance 
thermometer NTC 

-40÷70 °C ±0.4 °C  

 

1.2.2.3 Calibration and validation of the model 

Experimental tests conducted in the test facility enabled the calibration and validation of 

the tank model.  

The model parameters were set to take into account the three internal heat exchangers, 

as well as two inlets and two outlets of the stored fluid. A total of 50 nodes were 

considered to model thermal stratification. Table 1.4 reports a short description of the 

calibrated parameters; Table 1.5 gives the model input variables. 

The parameters related to the heights of the storage inputs and outputs, as well as those 

of the heat exchangers, do not refer to the height above ground, rather tank base 

thickness (0.0375 m) has to be subtracted from overall height (Figure 1.8). 

 

Table 1.4. Model parameters. 

N° Parameters Value Unit 

1 Inlet position mode 2 - 

2 Tank volume 986 L 
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3 Tank height 2.04 m 

4 Tank perimeter -1 m 

5 Height of flow inlet 1 1.37 m 

6 Height of flow outlet 1 2.04 m 

7 Height of flow inlet 2 1.76 m 

8 Height of flow outlet 2 0.36 m 

9 Fluid specific heat 4187 J/kgK 

10 Fluid density 985 kg/m3 

11 Tank loss coefficient 1.37 W/m2K 

12 Fluid thermal conductivity (water) 0.580 W/mK 

13 Destratification conductivity 0.285 W/mK 

14 Boiling temperature 127 °C 

15 Auxiliary heater mode - - 

16 Height of 1st auxiliary heater - m 

17 Height of 1st thermostat - m 

18 Set point temperature for element 1 - °C 

19 Deadband for heating element 1 - °C 

20 Maximum heating rate of element 1 - kW 

21 Height of heating element 2 - m 

22 Height of thermostat 2 - m 

23 Set point temperature for element 2 - °C 

24 Deadband for heating element 2 - °C 

25 Maximum heating rate of element 2 - kW 

26 Overall loss coefficient for gas flue - kW/K 

27 Flue temperature - °C 

28 Fraction of critical timestep 6 - 

29 Gas heater - - 

30 Number of internal heat exchangers 3 - 

31 Node heights supplied 1 - 

32 Additional loss coefficients supplied 1 - 

33 Heat exchanger fluid indicator-1 1 - 

34 Fraction of glycol-1 0 - 

35 Heat exchanger inside diameter-1 0.029 m 

36 Heat exchanger outside diameter-1 0.032 m 

37 Heat exchanger fin diameter-1 0.032 m 
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38 Total surface area of heat exchanger-1 3.1 m2 

39 Fins per meter for heat exchanger-1 0 - 

40 Heat exchanger length-1 30.85 m 

41 Heat exchanger wall conductivity-1 45 W/mK 

42 Heat exchanger material conductivity-1 45 W/mK 

43 Height of heat exchanger inlet-1 0.85 m 

44 Height of heat exchanger outlet-1 0.25 m 

45 Heat exchanger fluid indicator-2 1 - 

46 Fraction of glycol-2 0 - 

47 Heat exchanger inside diameter-2 0.029 m 

48 Heat exchanger outside diameter-2 0.032 m 

49 Heat exchanger fin diameter-2 0.032 m 

50 Total surface area of heat exchanger-2 2.5 m2 

51 Fins per meter for heat exchanger-2 0 - 

52 Heat exchanger length-2 24.88 m 

53 Heat exchanger wall conductivity-2 45 W/mK 

54 Heat exchanger material conductivity-2 45 W/mK 

55 Height of heat exchanger inlet-2 1.54 m 

56 Height of heat exchanger outlet-2 1.08 m 

57 Heat exchanger fluid indicator-3 1 - 

58 Fraction of glycol-3 0 - 

59 Heat exchanger inside diameter-3 0.0254 m 

60 Heat exchanger outside diameter-3 0.0381 m 

61 Heat exchanger fin diameter-3 0.0381 m 

62 Total surface area of heat exchanger-3 7.8 m2 

63 Fins per meter for heat exchanger-3 0 - 

64 Heat exchanger length-3 61 m 

65 Heat exchanger wall conductivity-3 16.0 W/mK 

66 Heat exchanger material conductivity-3 16.0 W/mK 

67 Height of heat exchanger inlet-2 0.15 m 

68 Height of heat exchanger outlet-3 1.6 m 

69 Height of node -1 0.0408 m 

70 Additional loss coefficient for node -1 0 W/m2K 

71-167  Node parameters - - 

168 Additional loss coefficient for node -50 17.55 W/m2K 

 



42 
 

Table 1.5. Input variables of the model. 

N° Input Unit 

1 Flow rate at inlet1, S� TRU kg/s 

2 Flow rate at outlet1, S� TVWX kg/s 

3 Flow rate at inlet 2, S� YRU kg/s 

4 Flow rate at outlet 2, S� YVWX kg/s 

5 Temperature at inlet 1, ZTRU °C 

6 Temperature at inlet 2, ZYRU °C 

7 Environment temperature, Z��[ °C 

8 Control signal for element 1 - 

9 Control signal for element 2 - 

10 Flow rate for heat exchanger -1 kg/s 

11 Inlet temperature for heat exchanger-1 °C 

12 Nusselt constant for heat exchanger-1 - 

13 Nusselt exponent for heat exchanger-1 - 

14-21 Parameters for heat exchanger 2 and 3  - 

 

Parameter 1 represents the inlet position mode; there are two different inlet modes 

available. In mode 1, the flow stream enters the node that is closest to it in temperature. 

With sufficient nodes, this allows for a maximum degree of stratification. In mode 2, 

flow streams enter the tank at fixed, user-specified positions. 

Parameters 2-8 show the geometric characteristics of the TES, while parameters 9, 10, 

12 and 14 give the physical characteristic of the TES fluid (water). To model de-

stratification due to mixing at node interfaces and conduction along the tank wall, the 

user may enter an additional conductivity parameter Δk (13). This term is added to the 

conductivity of the tank fluid and is applied to all nodes. 

Parameters 15-27 and 29 represent auxiliary heater characteristics; these parameters 

are not taken into account because the TES analyzed has no auxiliary heater; therefore 

inputs 8 and 9 (Table 1.5) are set to zero. 

Parameter 28 represents the fraction of the critical time step. In order to minimize 

errors, the “Type60” tank model uses its own internal time steps. This has the advantage 

of results being unaffected by the size of the TRNSYS time step [65]. 
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Furthermore, in many circumstances, the tank may not be uniformly insulated. It is 

possible to take into account different insulation levels for certain nodes of stratified 

storage tanks by specifying the additional overall heat transfer coefficient for heat losses 

for node “i”. Parameters 31 and 32 are set to 1 in order to indicate different heights and 

heat loss coefficients for each node (parameters 69-168 if the number of nodes is set to 

50). 

Parameters 33-68 represent the geometric and physical characteristics of the heat 

exchanger. It has been assumed that the fluid in the heat exchangers is water. A more 

accurate description of the model parameters and inputs is reported in the component 

mathematical reference [42] and in [64], [65]. 

 

Overall heat transfer coefficient for heat losses. 

Experimental tests were carried out in order to characterize the thermal energy loss of 

the storage tank. The TES was charged through thermal energy supplied by a boiler, 

after which a cool down test was performed. The temperature in different TES positions 

and the ambient temperature were acquired for a period of 60 hours with a sampling 

time of 10 seconds. The volume of the storage tank was divided into 7 nodes, one for 

each temperature sensor installed in the TES (see Figure 1.7). In each node a uniform 

temperature, equal to the temperature measured by the sensor, was considered (Figure 

1.9). The sensor temperatures not shown in Figure 1.9 ranged between T2 and T7.  

In order to evaluate the overall heat transfer coefficient for heat loss, an energy balance 

was performed in each node. For the generic node “i” this can be expressed as: 
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multiplying by dt and integrating from initial time to final time, the following is obtained: 
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Figure 1.9. Temperature profile measured during cool-down test. 

 

Calculating the overall heat transfer coefficient for heat losses, the following is obtained: 
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where the integrals given in equation were solved numerically. 

The de-stratification parameters in equation (1.20) were estimated as [42]: 
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where ktank wall is the thermal conductivity of the tank wall (assumed equal to 45 W/mK, 

typical value of steel), Ac is the internal cross-sectional area of the TES and Ac, tank wall is 

the cross-sectional area of the tank wall (circular ring). This equation takes into account 

the conduction in the tank wall, which is usually made of metal and has a higher thermal 

conductivity than water (for more detail see [65]). 

Table 1.6 shows the overall heat transfer coefficient for each node. The energy loss from 

the bottom of the tank (node 1) was much higher than that of the other nodes. This 

aspect is related to having neglected the convection current created by the thermal 

energy losses along the TES walls. In fact this aspect is not taken in account into the 

model. In order to consider this aspect an incremental heat transfer coefficient is 

considered for the bottom surface. Therefore, for the top and side walls of the tank, an 

average heat loss coefficient should be considered as equal to a weighted mean, where 

the weights are the corresponding surfaces of the nodes (Eq. 1.22). For the bottom wall 

an incremental heat loss coefficient must be used (Eq. 1.23). To take into account these 

effects, for the first node of the simulation model a heat loss coefficient equal to the 

weighted mean through the corresponding surfaces of the bottom and side walls was 

set (Eq. 1.24).  
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Table 1.6. Overall heat transfer coefficient for heat losses for each node. 

Node 
Heat loss coefficient 
[W/m2K] 

7 1.05 

6 1.56 

5 1.71 

4 1.39 

3 1.35 

2 1.49 

1 3.01 \ − ]^̂ ^̂ ^̂ ^ 1.30 

bottom 
surface 

7.90 

 

Figure 1.10 shows the heat loss coefficient for each node, varying cool down test 

duration. For all nodes except the first the heat loss coefficient was almost constant with 

test duration. The first node shows a significant variation with test duration. This 

variation was even more evident for the bottom surface heat loss coefficient (Figure 

1.11). This was due to the error committed considering that the temperature in the 

proximity of the base of the TES was equal to that measured by sensor 1. 

 

Figure 1.10. Heat loss coefficient for each node as a function of the cool down test 
duration. 
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Due to the high heat loss at the base of the TES (convection inside the TES), these two 

temperatures can instead differ significantly. Therefore, in order to reduce the error 

associated with this effect, the heat loss coefficient of the base of the TES was calculated 

considering only the first six hours of the cool down test. 

 

Figure 1.11. Heat loss coefficient of the node 2-7 and of bottom surface as a function of 
cool down test duration. 

 

Therefore, assuming that the number of nodes for the simulation model is set to 50, the 

average heat loss coefficient of the first node (Ubn) is equal to 18.69 W/m2K and for the 

other node is 1.30 W/m2K. 

 

Thermal capacity of TES 

After setting these parameters in TRNSYS, the simulated temperature behavior can be 

compared with the measured one for a charge test of the TES. In this test the boiler 

delivers thermal energy to the TES interacting directly with the water in the tank (see 

Figure 1.7 and Figure 1.8). The results for sensors 1 and 7 are shown in Figure 1.12. The 

comparison of the measured and simulated results shows the different thermal capacity 
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in the two cases. In fact, with the same heat supplied to the TES, the simulated 

temperatures increase more than the measured ones. 

 

 

Figure 1.12. Comparison between measured and simulated temperature for a charge 
test of the TES. 

 

In order to evaluate the actual thermal capacity of the system, an iterative approach was 

adopted. This approach used an optimization software [67] to identify the real value of 

the tank volume (which determines thermal capacity) through a coordinated search 

method. The software changes the value of the volume to minimize the following 

function: 
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where the integrals were solved numerically. 

The value of volume that minimizes this function is 986 liters. Therefore, in recalculating 

the heat loss coefficients with the new volume, the results given in Table 1.7 were 

obtained. 
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Table 1.7. Heat loss coefficient with a volume of 986 L. 

Node 7 6 5 4 3 2 1 \ − ]^̂ ^̂ ^̂ ^ bottom 
surface 

Heat loss coefficient 
[W/m2K] 

1.10 1.66 1.82 1.48 1.44 1.59 3.15 1.37 7.92 

 

With this volume, the average heat loss coefficient of the first node is equal to 18.92 

W/m2K (so the incremental heat loss coefficient is 17.55 W/m2K, parameter 168) while 

for the other nodes it is 1.37 W/m2K (parameter 11).  

Figure 1.13 compares the simulated and measured data with the new values of the 

parameters for the same charge test of Figure 1.12. The greater coherence between the 

simulated and measured data is evident. In fact the comparison of the measured and 

simulated results (Figure 1.13) shows the same thermal capacity. 

 

 

Figure 1.13. Comparison of measured and simulated temperature for a charge test of the 
TES after optimization. 

 

In order to compare the results of the two simulations with the measured data, the 

following indices were defined: 

• Error (ε), iisimi TT exp,, −=ε ; 
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• Maximum Absolute Error (MAE), represents the maximum error between the 

measured and simulated data; 

• Average Error (AE), ∑
=

=
N

i
i NAE

1

ε ; 

• Average Absolute Error (ABE), ∑
=

=
N

i
i NABE

1

ε ; 

• Root Mean Square Error (RMSE), NABE i
2ε= ; 

where: 

• isimT ,  is the predicted value of the temperature at time step i; 

• iTexp, is the measured value of the temperature at the time step i; 

• N is the number of the measurements. 

Table 1.8 shows the statistical index for the temperatures of the nodes with respect to 

the two tank volume values. The reduction in errors is evident for all sensors. 

 

Table 1.8. Statistical index for the two value of the volume of the storage. 

 Volume 855 L Volume 986 L 

 
MAE 
[°C] 

AE  

[°C] 
ABE [°C] 

RMSE 
[°C] 

MAE 
[°C] 

AE  

[°C] 
ABE [°C] 

RMSE 
[°C] 

1 5.86 3.59 3.60 1.44 2.16 1.29 1.30 1.35 

2 4.52 2.53 2.54 1.22 1.28 0.23 0.41 0.49 

3 3.77 1.86 1.88 1.09 1.56 -0.43 0.65 0.76 

4 4.57 2.24 2.24 2.51 1.18 -0.06 0.42 0.49 

5 5.17 2.62 2.62 1.25 0.89 0.32 0.35 0.41 

6 4.66 2.30 2.30 1.20 0.67 -0.02 0.25 0.31 

7 4.70 2.21 2.22 1.36 0.90 -0.11 0.24 0.30 

 

It is interesting to compare the average thermal loss coefficient obtained experimentally 

with the theoretical value obtained when ignoring the convective thermal exchanges 

with the environment. The theoretical value (equal to 0.34 W/m2K), calculated ignoring 

thermal resistance related to convective heat transfer is significantly lower than the 
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experimental value. This difference is due to the thermal bridges associated with pipe 

and sensor connections. 

 

Heat exchanger  

The free convection coefficient between the storage fluid and the internal heat 

exchanger wall is modeled with the following equation: 

 

n
1 RaCuN ⋅=                                                                                                                               (1.26) 

 

the typical value for “C1” is about 0.5 and “n” is usually 0.25 [42],[68]. “C1” and “n” 

represent inputs 11 and 12 of the model (Table 1.5). In order to experimentally evaluate 

the value of these two input parameters, a charge test was performed. In this test the 

lower heat exchanger of the storage tank thermally interacts with the cogeneration 

system. Then the same measured values of water temperature and flow rate at the heat 

exchanger inlet were set as model inputs. Using the GenOpt software the “C1” value was 

changed to reduce the error between the measured and simulated temperatures at the 

heat exchanger outlet. A constant value of “C1” does not yield great correspondence of 

measured and simulated data. Thus, the input “C1” is calculated thought the following 

equation: 

 

331 TC ⋅β+α=                                            20 °C < T33 < 70 °C                                               (1.27) 

 

 where: 

• α  and β  are experimentally derived constants; 

• 33T is the temperature of the water inside the TES near the heat exchanger in °C 

(in this case, the temperature of node 33). 
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The optimization software gives: α = 0.575 and β = -0.00256 °C-1. In this mode, it is 

possible to obtain accurate behavior of the model as shown in Figure 1.14, where the 

measured and simulated thermal energy input to the heat exchanger are shown, as a 

result of further experimental testing. 

 

 

Figure 1.14. Measured and simulated heat transfer from the water to the heat 
exchanger. 

 

Figure 1.15 shows the measured and simulated temperature in a charge test in which 

the water inside the tank is heated by the lower heat exchanger. When the charge of the 

TES is via the lower heat exchanger, the model does not provide a thermal stratification 

in the tank. The experimental data show a little stratification in the tank due to a 

temperature difference in the section where the heat exchanger is located. This aspect is 

not taken in account in the model.  
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Figure 1.15. Measured and simulated temperature in a charge test with lower heat 
exchanger. 

 

1.2.2.4 Simulation of solar thermal heating system 

In order to investigate the impact of TES model type and accuracy and its calibration on 

simulation results, a dynamic model of a solar thermal heating system was developed. 

An illustrative scheme of the analyzed system is showed in Figure 1.16.  

The solar field consists of two strings (10.19 m2 per string) of evacuated tube solar 

collectors (SC in Figure 1.16). As seen in the previous section, the use of the lower heat 

exchanger provides only a very limited thermal gradient in the tank; therefore, in order 

to maximize the thermal stratification inside the TES, an external heat exchanger was 

introduced. It interacts with the solar collectors’ fluid on the source side and with the 

fluid stored in the tank in open circuit (load side). The user is connected with the TES in 

open circuit (the tank has two inlets and two outlets). The user is a residential building 

with a total floor surface of 220 m2. More details about the main characteristics of the 

building envelope are reported in [69]. A tempering valve and an auxiliary boiler (B in 

Figure 1.16) ensure the set-point temperature (50 °C) of the fluid sent to the in-room 

terminal systems. 
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Figure 1.16. Illustrative scheme of the analyzed solar thermal system. 

 

Table 1.9 summarizes the main components with the corresponding type of TRNSYS [42] 

model and the main parameters.  

 

Table 1.9. Main component used in the TRNSYS model. 

Component  Type Parameters Value 

TES 60f See section 1.1.2.4  

Heat 

exchanger 
91 

Effectiveness 0.60 [-] 

Specific heat of solar collector fluid 3.85 [kJ/kgK] 

Specific heat of TES fluid 4.19 [kJ/kgK] 

Solar 

collector 
71 

Collectors area 20.48 [m2] 

Intercept efficiency 0.676 [-] 

First order efficiency coefficient 1.15 [W/m2K] 

Second order efficiency coefficient 0.004 [W/m2K2] 

Incidence Angle Modifiers (IAM) See [70] 

Building 56 See [69]  

Boiler 751 Rated capacity 20.0 [kW] 

 

Five different simulations have been carried out, with different assumptions on TES 

model: 

• case1, TES model calibrated and validated as in the previous paragraphs is 

considered; 

• case 2, the same model of case1 is considered, but different values of some 

parameters are assumed: volume of the tank equal to the net volume (0.855 m3) 

and overall heat transfer coefficient for heat losses equal to the theoretical value 

(0.34 W/m2K); 
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• case 3, perfect mixing of storage fluid inside the tank is assumed (1 node). The 

volume of the tank and the overall heat transfer coefficient for heat losses are 

equal to the case 1; 

• case 4, perfect mixing of storage fluid inside the tank is assumed (1 node). The 

volume of the tank and the overall heat transfer coefficient for heat losses are 

equal to the case 2; 

• case 5, the same assumptions of case 4, except for the heat losses of the TES that 

are neglected. 

Table 1.10 summarizes the simulation results on annual basis. In each case the energy 

required by the user is obviously the same, while the thermal energy provided by the 

solar collectors and by the boiler are different. Also the energy losses by the TES are 

different for each case.  

Table 1.10. Simulation results on annual basis. 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Thermal energy delivered by solar collectors 

[kWh] 
4,867 4,810 3,290 3,195 3,166 

Thermal energy delivered by boiler [kWh] 10,189 9,859 11,716 11,376 11,280 

Thermal demand [kWh] 14,503 14,503 14,503 14,503 14,503 

Energy losses by TES [kWh] 562 171 562 125 0 

 

In order to compare the different simulations, the case 1, which uses the calibrated and 

validated TES model, is assumed as reference.  

Table 1.11 reports the comparison between the reference case and the other ones. In 

case 2 the energy provided by solar collectors is less than the reference case because the 

temperature of the water at the inlet of solar collectors is higher than the reference case 

due to the lower TES losses. The lower TES losses bring about less thermal energy 

provided by the boiler. The comparison between the reference case and the case 3 is 

very interesting. These two cases differ only for the TES model used. In case 3 no 

stratification is assumed. This assumption causes a strong reduction of the thermal 

energy provided by solar collectors with a consequent increase of boiler integration. 

Also in cases 4 and 5 the energy results are very different with respect to the reference 

case due to the absence of stratification in the TES model. 
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Table 1.11. Comparison between the reference case and the other ones. 

 Case 2 Case 3 Case 4 Case 5 

Thermal energy delivered by solar collectors [%] -1.2 -32.4 -34.4 -34.9 

Thermal energy delivered by boiler [%] -3.2 15.0 11.6 10.7 

Energy losses by TES [%] -69.6 0.0 -77.7 -100.0 

 

In conclusion, in this section a 1-D model of thermal energy storage (TES) was 

experimentally validated and calibrated. A cool-down test showed overall heat transfer 

coefficient for heat losses (1.37 W/m2K) nearly four times greater than the theoretical 

value (0.34 W/m2K). This was due to the thermal bridges associated with the hydraulic 

and sensor connections. In order to consider the convective motions inside the TES an 

additional heat transfer coefficient for heat losses for the bottom surface was 

considered. A charge test revealed that the thermal capacity of the TES was greater than 

the value associated with the net tank volume. This was due to the presence of other 

materials (metal forming the walls of TES, heat exchangers, etc.) in the TES, which 

constitute an additional thermal capacity compared to the tank’s water content. An 

optimization procedure identified a fictitious volume of 986 L (+15.3% with respect to 

the net value). This value is closer to the nominal value of the volume (1,000 L) than to 

the net value (855 L). This analysis showed that, in absence of experimental data, the 

use of nominal value (not the net one) of the volume is advisable to model the thermal 

energy storage. 

A validation procedure showed good correspondence between the measured and 

predicted results. The RMSE in a charge test of 2.5 hours fell within the range 0.3–0.76 

°C for all sensors except the one near the bottom surface, where the RMSE was 1.35 °C. 

In order to simulate a heat exchanger immersed in the water storage tank, a Nusselt–

Rayleigh correlation was experimentally calibrated. The experimental analysis showed a 

linear dependence of the pre-exponential coefficient with the water temperature of the 

storage tank. This correlation showed a good behavior of the model with respect to the 

experimental data. 

To highlight the influence of the TES model accuracy and its calibration and validation 

process on the simulation results of a complete system, a solar thermal heating system 

was analyzed, considering five different cases, which differ for the type of model 
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(stratified or perfectly mixed), the tank volume and the overall heat transfer coefficient 

for heat losses. In the analyzed systems, the use of a model that does not take in 

account the stratification inside the TES bring about a reduction of the thermal energy 

provided by solar collectors (-32%) with a consequent increase of boiler integration 

(+15%). The design choice (solar collectors and TES interact trough an external heat 

exchanger) allows to maximize the stratification inside the TES. For this reason the 

model that does not take into account the stratification gives very different results. 

Moreover an accurate validation and calibration of the TES model allows to improve the 

model accuracy. However, these aspects have a less influence on the simulation results 

than the choice of a suitable model. 

Simplified approaches (based on only first law of thermodynamics, neglecting storage 

fluid temperature, energy losses by the TES and thermal stratification) are often used in 

the literature. As showed in the simulation results, this approach could carry out very 

different energy results compared to the detailed model based on experimental tests. In 

conclusion, for a correct design of an energy system with TES, it is important to use a 

model that allows to simulate the correct behavior of the component. 

 

1.2.3 Other components  

In this section the main components used in order to model the analyzed MCHP system 

and its interaction with the users are described. The different components are modelled 

using TRNSYS subroutines (“types”) [42], [43]. 

In some simulation the MCHP system meets the thermal load of different users. 

Therefore a thermal micro-grid is introduced in order to connect the users. It was 

simulated by the "type 31". This component models the thermal behavior of a fluid flow 

in a pipe or duct using variable size segments of fluid [42], [43]. 

The thermal micro-grid has been dimensioned starting from the knowledge of the 

maximum thermal power to be provided to users, the temperature difference between 

supply and return of the fluid and its flow rate. Knowing these data the pipe section was 

selected in order to keep the velocity value of the heat transfer fluid in the typical range 

1÷2.5 m/s. A value of U (overall heat transfer coefficient) equal to 0.5 W/m2K has been 
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assumed. The selected overall heat transfer coefficient for the micro-grid represents the 

typical value for a pre-insulated pipe with an internal diameter of 2.5 cm [71]. The pipes 

thermally interact with the ground, whose temperature is simulated by means of the 

“type 77”.   

The boilers are modelled through the “type 751”. It is based on an external performance 

map that provides the thermal efficiency as a function of the partial load ratio. More 

detailed information about “type 751” is available in ref. [43]. 

The heating system has fan coils as terminal units. They are modelled by means of “type 

753” and “type 644” that interact each other. The “type 753” models a heating coil using 

a bypass approach in which the user specifies a fraction of the air stream that bypasses 

the coil, equal to 0.15 in the analyzed case. In order to take into account the electricity 

consumption of the fan, the “type 644” is used [43].  

The buildings and the related thermal loads that represents the users were simulated 

using the interface "TRNBuild" of TRNSYS and its "type 56". The dimensional and the 

envelope characteristics, as well as the electric load and the internal gains are defined 

for each type of user in the following sections.  

 

1.3 3-E analysis  

In order to evaluate the performance of the analyzed system with respect to a 

traditional one an energy, environmental and economic analysis (3-E) [3] was 

implemented.  

The energy performance was evaluated through the Primary Energy Saving (PES) which 

represents the primary energy (PE) saving of the prosed system (PS) with respect to a 

conventional one (CS, also indicated as Traditional System (TS)): 

 

CS

PSCS

PE

PEPE
PES

−
=                                                                                                                       (1.28) 
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In order to evaluate the primary energy consumption related to each user needs, in 

Table 1.12 the primary energy factors for natural gas and electricity are reported. In 

particular, the natural gas PE factor is used to evaluate the primary energy consumption 

related to the fuel input to the boiler and the MCHP system. The PE factor for the 

electricity drawn from the grid was assumed considering average Italian efficiency of the 

thermo-electric plants mix (44.8%) and the grid losses (6.23%), thereby obtaining an 

overall efficiency of 42% [72][73]. The PE factor for the electricity feed-in was 

determined assuming that electric energy from the MCHP is supplied to the low-voltage 

grid (3.4% losses [74]), thereby obtaining an overall efficiency of 43.5%. 

 

Table 1.12. Primary energy and CO2eq emission factors for natural gas and electricity. 

 PE factors 

[kWh_PE/kWh] 

CO2eq factors 

[g/kWh] 

Natural gas 1.0 207 

Electricity grid mix 2.38 573 

Electricity feed-in mix 2.30 550 

 

The environmental performance of each case was evaluated through a simplified 

approach based on the evaluation of carbon dioxide equivalent emissions (CO2eq). The 

comparison is based on the avoided CO2eq emissions (∆CO2eq) of the PS with respect to 

CS: 

  

CS,eq2

PS,eq2CS,eq2
eq2 CO

COCO
CO

−
=∆                                                                                                       (1.29) 

 

The CO2eq emissions for each case are evaluated by means CO2eq emission factors. In 

Table 1.12 the CO2eq emission factors for natural gas and electricity are reported. The 

CO2eq emission factor for the electricity drawn from the grid was based on the average 

Italian emissions of the thermo-electric plants mix (513.8 g/kWh) [75] and the grid losses 

(6.23% [74]), thereby obtaining an overall CO2eq emission factor of 573 g/kWh. The CO2eq 

emission factor for the electricity feed-in was determined assuming that electric energy 
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from the MCHP is supplied to the low-voltage grid (3.4% losses [74]), thereby obtaining 

an overall CO2eq emission factor of 550 g/kWh.  

The economic performances of the analysed system are evaluated by means a simplified 

approach. The Simple Pay Back (SPB) index is introduced: 

 

 
PSCS OCOC

IC
SPB

−
∆=                                                                                                                   (1.30) 

 

where ΔIC is the Investment Cost difference between the PS and the CS, while OCCS and 

OCPS represent the annual operational cost of the CS and PS respectively.  

For the economic analysis, the natural gas tariff and the corresponding taxes for a civil 

user are reported in Table 1.13. In some Italian area a reduced national tax is applied; 

while the regional tax differs in each Italian Region. For reason of brevity it is reported 

only for two Regions (Campania and Piedmont). In addition to the tax reported in Table 

1.13 a fixed tax of 95.8 € per year is considered. The natural gas cost is reported in euro 

per unit of volume expressed in Standard conditions (temperature of 15 °C and pressure 

of 101.325 kPa). For the natural gas that feeds the MCHP a different cost is considered 

(reduced tax) according to the Italian law for cogeneration [14], [76]. 

 

Table 1.13. Natural gas costs and tax in Italy. 

Annual 

consumption 

[Sm
3
/year] 

Cost 

[€/Sm
3
] 

National tax 

(reduced tax 

area)  [c€/Sm
3
] 

National 

tax 

[c€/Sm
3
] 

Regional 

tax 

(Campania) 

[c€/Sm
3
] 

Regional 

tax 

(Piedmont) 

[c€/Sm
3
] 

Tax 

(VAT) 

(%) 

0 - 120 0.413 3.80 4.40 1.90 2.20 10 

121 - 480 0.597 13.50 17.50 3.10 2.58 10 

481- 1,560 0.569 12.00 17.00 3.10 2.58 22 

1,561 – 5,000 0.565 15.0 18.6 3.10 2.58 22 

5,001 – 80,000 0.526 15.0 18.6 3.10 2.58 22 

80,001 – 200,000 0.468 15.0 18.6 3.10 2.58 22 

200,001 – 1,000,000 0.440 15.0 18.6 3.10 2.58 22 

> 1,000,000 0.421 15.0 18.6 3.10 2.58 22 
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Table 1.14 reports the electricity cost and the corresponding taxes in function of time of 

use, for the residential and office users. The different time of use are defined in [77]. 

 

Table 1.14. Electricity costs for a residential and an office user. 

 Residential users No residential users 

 
kWh/year: 

Peak times 
Off-peak 

times 

Peak 

times 

Mid-level 

times 

Off-peak 

times 

Electricity 

cost 

(€/kWh) 

0 – 1,800 0.189 0.184 

0.171 0.166 0.155 
1,801 – 2,640 0.206 0.201 

2,641 – 4,440 0.245 0.240 

> 4,440 0.287 0.283 

Fixed cost (€/year) 43.49 231.36 

Fixed cost (€/kW/year) 15.41 33.47 

Tax (VAT) 10% 22.0% 

 

The investment costs of the CS and PS are evaluated according to the following 

assumptions: 

• MCHP investment cost equal to 18000 € [14]; 

• thermal micro-grid investment cost equal to 40 €/m [78]; 

• boilers investment cost is calculated according to ref. [79]; 

• the TES investment cost is equal to 3000 € [14]. 

 

1.4 Optimal thermo-economic control of the MCHP system with load sharing 

application 

In this section the performances of the MCHP system described in section 1.1 were 

analyzed.  The system provides thermal and electric energy to two end-users, the former 

is a tertiary building (office), where the generation system is located, and the latter is a 

residential building connected to the former through a district heating micro-grid. In 

order to analyze the influence of climatic conditions, two different geographical 

locations in Italy (Benevento and Milano) are considered, that are also characterized by 

different energy vectors tariffs. Particular attention is paid to the choice of the users, in 
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order to obtain more stable and continuous electric and thermal loads (load sharing 

approach) and to increase the operating hours per year of the MCHP unit.  

The operation of the MCHP is governed by a control system, aimed to optimize a 

thermo-economic objective function. The models representing the components, the 

thermo-economic objective function and the buildings have been implemented in widely 

used commercial software for building simulations. The models are calibrated and 

validated through experimental and literature data, as explained in the previous 

sections. The results of the simulations highlight the potential benefits of the thermal 

load sharing approach. In particular, this study shows that an MCHP unit connected by 

means of a thermal micro-grid to different users in “load sharing mode” can obtain a 

high number of operating hours as well as significant energy (Primary Energy Saving) and 

environmental (avoided CO2 equivalent emissions) benefits with respect to an 

appropriate reference system, even in Mediterranean areas, where the climatic 

conditions are not always suitable for cogeneration.  

 

1.4.1. User description  

In Figure 1.17 the analysed micro-cogeneration system is shown. The PS described in 

section 1.1 is installed in a tertiary building for office use (User #1). The thermal energy 

“produced” can also be transferred to a second residential user (User #2), connected to 

the MCHP system through a district heating micro-grid.  

The analyzed boiler is fuelled by natural gas and delivers a nominal heat output of 24.1 

kW with a thermal efficiency of 90.2%, requiring an electrical power equal to 0.125 kW. 

The described system has been simulated in two different geographical locations 

(Benevento and Milano). The buildings and the related thermal loads have been properly 

sized to take into account the different climatic conditions of the two cities, as derived 

from the corresponding "Meteonorm" climate file, [44].  

Table 1.15 shows the main dimensional characteristics and energy requirements of 

residential and office users for the two considered locations. In Table 1.16, the main 

characteristics of the buildings envelopes are reported. 
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Figure 1.17. Micro-cogeneration system. 

 
 

Table 1.15. Main characteristics of the considered building. 

 

 
Residential Office 

Benevento Milano Benevento Milano 

Floor surface [m2] 220 110 524 377 

Heated volume [m3] 660 330 1004 723 

Number of occupants [-] 7 4 9 6 

Space heating thermal energy 
requirement [kWh/m2/year] 

59.7 146 28.3 62.5 

Electric energy demand [kWh/m2/year] 16.8 16.8 22.7 22.7 

 
 

Table 1.16. Building envelope characteristics. 

Opaque building elements 
Transparent building 

elements 

 
Roof 

External 
walls 

Ground 
floor 

North South West/East 

Residential 
U [W/m2K] 2.30 1.11 0.297 2.83 2.83 2.83 

g [-] - - - 0.755 0.755 0.755 

Office 
U [W/m2K] 0.233 0.335-2.703 0.355 2.35 - 2.35 

g [-] - - - 0.701 - 0.701 
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With regard to residential user located in Benevento, the following type day, for the 

characterization of the electrical load, were identified (Figure 1.18): 

• Type day # 1: winter (January and February); 

• Type day # 2: intermediate (16 September to 31 December and 1 March to 31 

May); 

• Type day # 3: summer (1 June to 15 September). 

 

 

Figure 1.18. Electrical load profile for residential user (Benevento). 

 

The similar electric load profile for the different type days is due to absence of electric 

consumption for space cooling. 

Figure 1.19 shows the electric load for two different type days for the office user: 

• Weekend day (Saturday, Sunday); 

• Weekday (Monday, Tuesday, Wednesday, Thursday, Friday). 

For the residential and office users located in Milano, the electric loads have been scaled 

from those of Figure 1.18 and Figure 1.19, considering the effects of the different floor 

area. 

It was assumed that the system used to meet the energy demands of the users, 

consisting of MCHP, thermal storage tank and boiler, is physically placed at the office 

user. The installed boiler has a nominal heat output equal to 24.2 kW and nominal 

thermal efficiency of 90.2%, as rated values of the boiler actually installed in the 
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experimental laboratory. The thermal micro-grid also satisfies thermal energy 

requirement of residential user, which is assumed to be located at a distance of 50 m 

from the office.  

 

 

Figure 1.19. Electrical load profile for office user (Benevento). 

 

For space heating in Benevento a maximum number of operating hours of the heating 

system equal to 10 hours/day during the period November 15 to March 31 was 

considered. For space heating in Milano 12 hours/day from October 15 to April 15 were 

considered. 

 

1.4.2. Operating system optimization 

Figure 1.20 shows the control scheme implemented in the simulation software. It is 

possible to define the input information to the Energy Management System (EMS) that 

has to operate the cogeneration system and the integration device through the control 

variables of the cogenerator (xCHP) and the boiler (xB), in the range: 0÷1. The state "0" 

characterizes the condition of an inactive device, while the state "1" characterizes the 

operation at full load; intermediate values are associated with operating conditions at 

partial load. Thermal energy delivered by MCHP is supplied to the storage system, while 

the electrical power is used to cover the electricity demands of the users and/or sold to 

the electric grid. As regards the integration system (boiler), if the outlet temperature 
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from the storage tank is lower than the minimum required by the users, it provides 

thermal energy to heat-up the fluid to the required temperature. 

 

 

Figure 1.20. Control scheme of the experimental plant at the University of Sannio. 

 

Figure 1.21 illustrates the energy flows for the proposed system and for the traditional 

one (consisting of boiler and electrical grid), in heating operation. The control system 

manages the operation of the plant according to a logic of thermo-economic 

optimization. 

The first step of the optimization process is an initialization phase, in which the EMS 

initializes or assigns the values of the parameters and variables.  

After the initialization process, the EMS estimates the electricity to buy or sell to the grid 

and calculates the operation costs of the conventional system (also called traditional 

system (TS)) and proposed system (PS). The operation cost of PS (OCPS) is calculated as: 

 

EEC
in
el

out
el

CHP
intma

B
ng

CHP
ngPS CCCCCCOC −+−++=                                                               (1.31) 
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Figure 1.21. Comparison between the proposed system (PS) and the traditional system 
(TS). 

 

where: 

• CHP
ngC is the cost associated with fuel for the cogenerator; 

• B
ngC is the cost associated with the fuel for the peak boiler; 

• CHP
intmaC is the maintenance cost for the CHP; 

• 
out
elC represents the income from electricity sold to the grid; 

• in
elC represents the cost of purchasing electricity from the grid; 

• EECC represents the revenue associated with the sale of Energy Efficiency 

Certificates. 

The previous equation becomes: 
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  (1.32) 

 

where: 

• Δt is the simulation time step (set to 0.1 h); 
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• cmaint is specific maintenance cost of MCHP (set to 0.07 €/h); 

• 
u

EECc  is the specific value of Energy Efficiency Certificates (EEC, set to 100 € for 

each certificate); 

• ref

thη  is the efficiency of conventional boiler, assumed equal to 0.9; 

• ref

elη  is the average efficiency of Italian electric grid, assumed equal to 0.46; 

• LHV is the lower heating value of natural gas, assumed equal to 9.52 kWh/Sm3; 

• fc is a conversion factor equal to 8.6∙10-5 toe/kWh; 

It should be noted that the MCHP operates at full load and if a thermal power delivered 

by MCHP is greater than a thermal power required by the user the surplus is stored in 

the TES. In this case the thermal load of the user can be considered equal to the thermal 

power of MCHP because the stored thermal energy can be used in a later period. If the 

temperature of the water contained inside the storage is higher than the TES set point 

the MCHP is turned off and the TES meets the thermal load of the buildings. In this case 

the thermal load of the users is considered equal to zero in the eq. 1.32. 

In the calculation of the operating costs of the proposed system energy benefits are 

indirectly considered through EEC. 

Similarly, the operating cost of the traditional system (OCST) can be expressed as: 

 

tEc)LHV()tcE(OC user
el

in
el

BB
ng

user
thCS ∆⋅⋅+⋅η∆⋅⋅= &&                                                       (1.33) 

 

The EMS compares the operating costs of the PS and CS: 

1. if OCCS < OCPS, the MCHP is turned off; 

2. if OCCS > OCPS, the MCHP is turned on. 

In the second case, to proceed with the activation of the MCHP, a control on the 

temperature of  the  heat transfer fluid in the thermal storage near the heat exchanger 

connected to the cogenerator ( CHP

storageT ) must be performed. 
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In particular if the cogenerator was on, it will be turned off (xCHP=0) when the following 

inequality occurs: CHP

storageT > CHP
maxT , where CHP

maxT = 55°C is the maximum value set for CHP

storageT . 

Otherwise the cogenerator remains on. Conversely, if the cogenerator was off, it will be 

turned on (xCHP=1) when the following inequality occurs: CHP

storageT  < CHP
minT , where CHP

minT =50°C is 

the minimum value set for CHP

storageT . 

The introduction of a switch-on ( CHP
minT ) and a switch-off temperature ( CHP

maxT ) allows to 

reduce the number of starts and stops of the MCHP, allowing to preserve its durability.  

Next step is to calculate the thermal power provided by the peak boiler. Afterwards, a 

new calculation of the control variables for the following time step is performed. The 

algorithm of MCHP system is explained in the flowchart shown in Figure 1.22. 
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Figure 1.22. Control algorithm of micro-polygeneration system. 
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1.4.3. Discussion and results  

Table 1.17 shows the main results obtained from the simulations in Benevento and 

Milano. Two different scenarios were analyzed. Firstly (Table 1.17) it was assumed that 

the unit costs of electricity and natural gas are equal for the traditional system and for 

the proposed one. The simulations were performed for the period of year during which 

the heating system is allowed to be used. 

 
 

Table 1.17. Simulation results during the heating period. 

 Benevento Milano 

Heating hours [h] 2154 3294 

MCHP operation hours [h] 1906 2448 

Total heating demand [kWh] 28807 38472 

Thermal energy from MCHP [kWh] 21602 27698 

Electrical energy produced by MCHP [kWh] 10571 13529 

Thermal energy from boiler [kWh] 7205 10774 

Thermal energy lost by TES [kWh] 865 1162 

Thermal energy lost by thermal micro-grid [kWh] 443 583 

Total electricity demand [kWh] 5821 7780 

Electricity purchased from the grid [kWh] 1394 2538 

Electricity sold to the grid [kWh] 6015 8104 

PES [%] 18.5 16.9 

ΔCO2 [%] 25.9 23.9 

MCHP Maintenance cost [€] 133 178 

EEC [-] 1.28 1.78 

Operational cost reduction [€] 542 703 

 
 

The load sharing approach guarantees a high number of operation hours for the 

proposed system in Benevento (1906 h) and Milano (2448 h). The number of operation 

hours of the MCHP in Milano is about 28% higher than in Benevento, due to the higher 

number of heating hours during the day in Milano than in Benevento. For both 

geographic locations, the thermos-economic optimization always allows the operation of 

the cogeneration system. This is due to the lower natural gas tariff for the cogeneration 

system. In Milano, the higher number of operating hours leads to a greater electric and 

thermal energy "production" by the MCHP, as well as a greater primary energy demand 

to meet the total heating requirements. 
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As the MCHP has been sized with respect to the thermal load of users, it results to be 

oversized compared to the users electric demands. Therefore the electricity “produced” 

is greater than the required one, hence a share of the “produced” electricity is sold to 

the grid. The electricity demand is also partially covered by the electric grid, indeed 

electric energy is taken from the grid when there is a corresponding request, but the 

MCHP is off.  

A small amount of thermal energy produced (4.5%) is lost in the TES and in the thermal 

micro-grid.  

The primary energy saving (PES) is higher in Benevento (18.5%) than in Milano (16.9%). 

Besides the primary energy savings, the proposed system allows to obtain a reduction of 

CO2 emissions (ΔCO2) of 25.9% and 23.9% respectively for Benevento and Milano (Figure 

1.23). As regards the economic analysis, the reduction of operating cost of PS with 

respect to CS is 542 € for Benevento and 703 for Milano. 

The analysis showed that the use of MCHP involves energy and environmental 

advantages. The reduction of operation cost is good but not high enough to ensure an 

adequate payback period. Indeed considering an additional investment cost of the PS 

with respect to the CS equal to 22000 €, the SPB reach high values (Figure 1.23). 

 

 

Figure 1.23. Energy, enironmental and econonic analysis for the analyzed system. 
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In some case there are economic support mechanisms which can provide up to the 40% 

of the investment cost. Nevertheless, the SPB still has high values (SPB supp. in Figure 

1.23). 

As described in the introduction chapter, the introduction of an Energy Service Company 

(ESCo) could help to solve the economic problem. In fact, an ESCo, managing a large 

number of distributed systems, could obtain a purchase price of natural gas and 

electricity lower than that applied to individual customers. For this reason in the second 

scenario it has been assumed that the prices of energy vectors for the proposed system 

were 20% lower than the prices for the traditional system. 

For both locations, the energy and environmental results are the same of the previous 

case, while the improvements of economics results are evident. The reduction of annual 

operation cost is 1394 € and 1880 €, respectively for Benevento and Milano. In this case 

the SPB could reach interesting value especially in presence of support mechanisms 

(Figure 1.24). 

 

Figure 1.24 SPB in case of reduced purchasing costs of energy vectors 

 

Finally, the results show that the analyzed system allows obtaining a high number of 

operating hours of the micro-cogenerator, also in Mediterranean areas where the 

climate conditions are not favorable to diffusion of this technology. It should be noted 

that the needs of domestic hot water and thermal energy for space cooling 

requirements (by means of thermally activated equipment) were not taken into account. 

The proposed system showed good energy (PES in the range 16.9%-18.5%) and 
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environmental (ΔCO2 in the range 23.9%÷25.9%) results. The economic analysis 

highlights the need of appropriate support mechanisms to promote the diffusion of this 

interesting technology. Moreover the introduction of an Energy Management System 

that controls the MCHP operation according to a thermo-economic objective function 

could be an interesting solution in order to minimize the operational cost of the whole 

system. However with current energy vectors costs the MCHP system has lower 

operating cost with respect to the CS, in every time of the day.  

 

1.5 Microcogeneration in buildings with low energy demand in load sharing 

application 

In this section the introduction of the MCHP system that is described in section 1.1 in 

buildings with higher level of thermal insulation with respect to the current building 

stock is investigated. A load sharing approach between a multifamily residential building 

and an office one is taken in account. Dynamic simulations are carried out in order to 

evaluate the thermo-economic performance of the analyzed system. Particular attention 

is given to the estimation of the electric load of the different users as the economic 

profitability of an MCHP system is strongly influenced by the amount of self-consumed 

electricity. In order to analyze the influence of climatic conditions, two different 

geographical locations in Italy (Napoli and Torino) are considered. From this point of 

view, the weather data referred to these two Italian cities, are characterized by 1034 

(Napoli) and 2617 (Torino) heating degree days. The results of this study indicate that 

the installation of MCHP systems based on reciprocating internal combustion engine, in 

insulated buildings allows increasing the percentage of self-consumed electricity 

reducing the bidirectional electricity flow between the users and the external grid, 

reducing the impact on the grid itself due to the large diffusion of distributed generation 

systems.  Finally, a sensitivity analysis with respect to the share of self-consumed 

electricity is carried out to investigate on the influence of this parameter on the 

economic performance of the MCHP system. 
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1.5.1. Users description 

The users analyzed in this work are referred to two separate buildings with different 

uses. The first building is a typical multifamily house with six apartments, while the 

second one is an office building. The main characteristics of the two buildings are 

described in the following subsections. Different characteristics of the buildings 

envelope are defined for Napoli and Torino, taking into account the different climates. 

Both buildings are equipped with low temperature heating devices (fan coils) according 

to the supply temperature of the heating system. 

 

1.5.1.1 Residential user 

The residential user is an Italian multifamily house, which consists of six different 

apartments. Each apartment has a floor surface equal to 100 m2 with a heated volume 

of 300 m3. The apartments are placed on 3 floors (2 apartments for each floor), Figure 

1.25. The building has a south-oriented sloped roof. The characteristics of the building 

envelope are reported in Table 1.18.  

 

Table 1.18. Main characteristics of building envelope. 

 Transmittance [W/m2K] Thermal mass [kg/m2] g-value [-] 

Napoli Torino Napoli Torino Napoli Torino 

External wall 0.40 0.34 373 373 - - 

Roof 0.38 0.30 322 322 - - 

Ground 0.42 0.33 689 689 - - 

Window 2.60 2.20 - - 0.60 0.48 

 

The transmittance of each component is chosen according to the Italian law [80]. The 

thermal mass for the buildings located in Torino and Napoli is the same, because the two 

envelopes differ only for the thickness of insulation, whose contribution to the thermal 

mass is negligible due to the very low density. The transmittance of windows refers to an 

average value that takes into account the transmittance of both the window frame and 

of the glass, assuming a ratio between the frame and the total surface of the window 
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(glass and frame) equal to about 20%. Moreover the windows represent about 20% of 

the external walls surface. Table 1.18 reports the g-value (solar gain) of the transparent 

surface. In order to reduce the solar gain in summer period, a horizontal shading device 

is installed above each window. 

 

 

Figure 1.25. Residential building. 

 

A careful analysis about the electric demand of each building is carried out. The electric 

loads of each flat are based on a high-resolution (1 minute) model of domestic electricity 

use. The model is based on a pattern of active occupancy, a list of installed appliances 

and daily activity profiles that characterize how people spend their time performing 

certain activities. A detailed description of the used model is reported in ref. [81]. 

Different typical residential users are defined: 

• #1 is composed by four occupants (two employed adults and two young 

students) with an average annual electricity demand of 3100 kWh/year; 

• #2 is composed by four occupants (two employed adults, one young student and 

one retired person) with an average annual electricity demand of 3250 

kWh/year; 
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• #3 is composed by two occupants (two employed adults), with an average annual 

electricity demand of 1350 kWh/year; 

• #4 is composed by two occupants (two retired persons) with an average annual 

electricity demand of 1400 kWh/year. 

Figure 1.26 reports the number of active occupants (when people are at home and 

awake) for each residential user and for two type days, week day (wd) and week end day 

(we). These occupancy profiles are defined based on the different behavior of the 

people that live in the flats.  

Based on active occupants profiles, on typical appliances installed in an Italian house and 

on annual electric demand of each typical user, the model is able to estimate the electric 

load (Figure 1.27). 

 

 

Figure 1.26. Daily profile of active occupants for each type of residential user. 
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Figure 1.27. Daily electric demand for each type of residential user. 

 

As the residential building is composed by six flats, it was assumed that there are two 

users of type #1, two of type #2, one of type #3 and one of type #4.  

The residential domestic hot water draw profile was developed by means of a software 

[82] developed within the scope of the Solar Heating and Cooling Program of the 

International Energy Agency (IEA SHC) Task 26. In order to take into account fairly 

realistic DHW (Domestic Hot Water) demands for a period of one year a time step of 6 

minutes was chosen. The average daily demand was assumed equal to 150 l/day for 

each flat [83]. The hot water profile for the residential user (cumulative hot water 

demand for the six flats) is reported, only for the first week of the simulated year (for 

clarity reasons), in Figure 1.28.   

The heating period was assumed from November 15th to March 31st for Napoli and 

from October 15th to April 15th for Torino. The daily operational hours of the heating 

system must respect a maximum limit according to Italian law [84]. This limit depends on 

the climatic zone of the user and it is 10 hours/day in Napoli and 14 hours/day in Torino. 

Therefore, the heating system is turned on according to the following time schedule: 
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• 6:00-9:00 and 17:00-22:00 for the buildings located in Napoli; 

• 5:00-10:00 and 16-24:00 for the buildings located in Torino. 

When the heating system is turned on the set-point of room thermostats is set to 

20±0.5°C. Therefore the fan coils are turned on when the temperature is less than 

19.5°C and turned-off when it is higher than 20.5°C. 

 

 

Figure 1.28. Hot water demand profile for residential user in the first week of year. 

 

The buildings are modelled by means TRNSYS [42] simulation software.  

Figure 1.29 reports the duration diagram of the space heating load for the residential 

building located in Napoli and Torino. The figure shows the influence of the climate on 

the operation of the heating system. The operational hours of the heating system 

located in Napoli are about the half of the same system located in Torino. The peak 

value of the thermal load for the residential user located in Torino is higher than the 

user located in Torino due to different climate conditions.  

The annual thermal energy demand for space heating purposes is 27 kWh/m2/year for 

Napoli and 55 kWh/m2/year for Torino.  
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Figure 1.29. Duration diagram of the space heating load for residential buildings. 

 

1.5.1.2 Office user 

The office building has the same envelope characteristics and the same size of the 

residential one. The main differences between the two buildings are the following: 

• the office building has a larger transparent surface (the windows represent about 

the 25% of the surface of the external walls); 

• the office building has a flat roof. 

The electric annual demand of the office building is defined according to the target value 

indicate in EL-TERTIARY study for office buildings [85]. This study monitored the 

electricity consumption in the tertiary sector. For this work, the annual consumption is 

assumed equal to 52 kWh/m2/year. The electric load profile is defined according to 

ref.[86]. Figure 1.30 reports the electric load profile for two type days (wd and we), 

while Figure 1.31 shows the number of occupants for the office building in a work day. In 

a weekend day there are no occupants in the office. The hot water demand for the office 

user is not taken in account because it is negligible with respect to the heating load. 
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Figure 1.30. Electric load profile for office user. 

 

 

Figure 1.31. Number of occupants for the office building in a work day. 

 

The heating period and the set-point of room thermostats are the same of the 

residential building; the operation time of the heating systems is assumed between 8:00 

to 18:00, in a work day, for the building located in Napoli. For the office user located in 

Torino the heating system is turned on between 7:30 to 18:00. Moreover in Torino on 

Monday the heating system is turned on at 6:00 because the building requires a longer 

warm-up time. In weekend the heating systems is turned off in both cities. The building 

is simulated by means of the TRNSYS software. The duration diagram of the space 

heating load for the office building is reported, for the two geographic locations, in 

Figure 1.32.  
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Figure 1.32. Duration diagram of the space heating load for the office building. 

 

Even for the office user the peak value of the thermal load and the operational hours of 

the heating system are different for the two locations.  

The annual thermal energy demand for space heating purposes is equal to 14 

kWh/m2/year for Napoli and 38 kWh/m2/year for Torino. The lower heating demand of 

the office building with respect to the residential one is due to a different operation time 

of the heating system; in fact in the office building the heating system is turned on only 

during the work time. Moreover the different internal gains of the two users (occupants 

and electric appliances) concur to provide different heating demands. 

 

1.5.1.3. Load sharing 

The duration diagrams of the space heating load for the office and residential buildings, 

reported in Figure 1.29 and Figure 1.32, highlight the few operation hours of the heating 

system, especially in mild climate condition such as in Napoli. The introduction of an 

MCHP systems in these two buildings could lead energy and environmental advantages, 

but the few operation hours of the system could lead to bad economic performance, 

such as a long payback period. In order to increase the operation hours of the MCHP 

systems it is possible to share the users’ loads by means of a thermal and electric micro-

grid. This solution leads, as an example, to a duration diagram of the space heating load 
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for the two buildings (residential and office users), in load sharing approach, as that one 

showed in Figure 1.33.  

 

 

Figure 1.33. Duration diagram of the space heating load for the two buildings in load 
sharing approach. 

 

The configuration of the MCHP system is described in the previous section 1.1. The 

MCHP plant is installed in the residential building and the thermal energy is transferred 

to the office building by means of a thermal micro-grid with a length of 50 m (Figure 

1.34). An electric connection between the MCHP plant and the office is created in order 

to use the electricity “produced” by the MCHP also in the office building.  

The peak boiler delivers a nominal heat output of 35 kW for the user located in Napoli 

and 60 kW in Torino. The nominal thermal efficiency is equal to 92.6% and to 93.6% for 

the user located in Napoli and Torino, respectively. The thermal efficiency of boiler is 

reported as a function of partial load ratio for different boilers size in ref. [87]. 

 

 



84 
 

 

Figure 1.34. System configuration. 

 

The performances of the MCHP plant (Proposed System, PS) are compared with those of 

a conventional system (CS) that consists of: 

• two separate boilers for residential and office buildings. In the residential user, 

the boiler has a nominal thermal capacity of 25 kW for Napoli climate and 35 kW 

for Torino climate, with a nominal efficiency of 92.1% and 92.6%, respectively; 
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while in the office user, the boiler has a nominal thermal capacity of 35 kW for 

Napoli and 50 kW for Torino, with a nominal efficiency of 92.6% and 93.1% 

respectively; 

• a TES is installed in the residential building in order to meet the DHW demand 

without oversizing the boiler. The installed TES has the same characteristics of 

that one installed in the MCHP plant. 

 

1.5.2. Discussion and results  

Figure 1.35 reports the simulation results for the users located in Napoli in a typical 

winter day. In particular the diagram on the top-left side reports the thermal power 

provided by the fan coils to the office (P_th office) and to the residential user (P_th 

house) and that one provided by the MCHP (P_th MCHP) in a week day. The energy 

demands of the two users occur in a different time of the day and the profiles are quite 

complementary. The thermal power provided to the residential building has less 

variation than the office one, as the residential building is divided in six thermal zone 

(one for each flat) and the activation of the fan coils for each zone is not contemporary. 

The office building is modelled as one thermal zone so the activation of all fan coils 

occurs in the same time. For this reason in some hours of the day the switching on and 

off of the fan coils can determine a huge variation of thermal power required by the 

office user. The presence of the TES allows the MCHP system to work continuously with 

few on-off cycles. The diagram on the top-right of Figure 1.35 reports the electric load 

profiles of the combined users (P_el user) and the electricity purchased from (P_el 

purchased) and sold to (P_el sold) the external grid in a week day. In addition the 

electricity provided by the MCHP (P_el MCHP) is reported. Only in the evening (between 

21:00 and 22:00) there is a small quantity of electricity (lessen than 1% of the 

“production”) sold to the grid. 

The diagram on the bottom-left of Figure 1.35 reports the thermal power provided by 

the fan coils to the two users and provided by the MCHP in a weekend day. The load 

profile of the residential user is the same of the previous case while the heating system 

is turned off in the office building. In a weekend day the electricity demand is lower than 

in the week day due to the lower energy demand of the office user (bottom-right 
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diagram). In a typical winter weekend day, the amount of electricity sold to the grid is 

about 35% of the “production”. 

 

 

Figure 1.35. Simulation results for the users located in Napoli in a typical winter day. 

 

Similarly, Figure 1.36 reports the simulation results for the users located in Torino in a 

typical winter day. In this case the thermal power peak in the office and residential 

building located in Torino are greater than that one located in Napoli due to different 

climate. In a typical winter day, the MCHP system meets the base thermal load and it 

operates at full load for the most part of the day thanks to the presence of the TES. The 

electricity produced is largely self-consumed (about 93% of the “production” is self-

consumed) in a week day while it is partially sold to the grid in weekend day (about 35% 

of the “production”).  In a no-heating period, the MCHP operation is due only to the 

DHW demand. Even in this case the presence of TES allows the MCHP to operate 

continuously at full load. 
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Figure 1.36. Simulation results for the users located in Torino in a typical winter day. 

 

Table 1.19 provides the results obtained from the annual simulations for buildings 

located in Napoli and in Torino. In particular the table summarizes: 

• the energy demands of the users in terms of heating, electricity and DHW; 

• the thermal energy losses of the TES and of thermal micro-grid and the auxiliary 

consumptions of fans and pumps of the heating system (both PS and CS); 

• the thermal energy provided by MCHP and boilers (both PS and CS); 

• the electricity provided by MCHP and the percentage of self-consumed electricity 

in PS; 

• the Primary Energy (PE) required by the MCHP and boilers (both PS and CS). 

The heating demand for the buildings located in Torino is more than two times the 

heating demand of the buildings located in Napoli. Electricity and DHW demands are 

about the same for the two cities. The MCHP meets a large percentage of the heating 

and DHW demand for both locations (70% for Napoli and 56% for Torino). A very 

important result emerging from the data is that a large percentage of the “produced” 

electricity is self-consumed by the users; in both locations this percentage is greater 

than 85%.The introduction of an MCHP system based on reciprocating internal 
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combustion engine in a building with a well-insulated envelope leads to high value of 

self-consumed electricity. This is due to the different ratio between thermal and electric 

loads with respect to a building with a lower insulation level. In fact the thermal load of 

a building strongly depends on the insulation level of the envelope, while the electric 

load is not related to the building envelope characteristics. 

 

Table 1.19. Energy simulations results on annual basis. 

  Napoli Torino 

Energy demand [kWh] 

 

Heating demand of residential user  16,270 33,233 

Heating demand of office user  8,560 22,702 

Total heating demand 24,830 55,935 

Electricity demand of residential user 15,438 15,438 

Electricity demand of office user 31,485 31,485 

Total electricity demand 46,923 46,923 

DHW demand of residential user 9,694 9,694 

Thermal energy 

losses and 

auxiliary 

consumption 

[kWh] 

PS 

Thermal energy lost by thermal micro-grid 293 401 

Thermal energy lost by TES 1,833 1,851 

Auxiliary consumption (fans + pumps) 975 2,040 

CS 
Thermal energy lost by TES 1,694 1,791 

Auxiliary consumption (fans + pumps) 900 2,385 

Thermal energy 

“production” 

[kWh] 

PS 
Thermal energy from MCHP 24,984 37,248 

Thermal energy from boiler 11,659 30,629 

CS 
Thermal energy from the office boiler  8,582 22,385 

Thermal energy from the residential boiler  27,573 44,690 

PE [kWh] 

PS 
Primary energy input of boiler 12,547 31,769 

Primary energy input of MCHP 43,690 65,398 

CS 
Primary energy input of office boiler 9,318 24,039 

Primary energy input of residential boiler  29,964 48,002 

Electricity 

[kWh] or [%] 
PS 

Electrical energy produced by MCHP 11,203 17,228 

Self-consumed electricity 89.6% 85.2% 

 



89 
 

For this reason if the MCHP is sized on the basis of the thermal load, the percentage of 

self-consumed electricity is high for an insulated building. This aspect leads to different 

advantages: 

• the economic revenue associated to the self-consumed electricity is generally 

higher than that associated with the electricity sold to the external grid. This is 

due to the different prices between the electricity sold to the grid and that 

purchased from the grid. In Italy the revenue associated to the electricity sold to 

the grid, for an MCHP system, is about the 70% of the purchase price. Therefore 

the high value of self-consumed electricity leads to economic advantages. 

• the wide diffusion of distributed generation systems leads to management issues 

on the electric grid. If a high level of self-consumption is achieved, the impact of 

the MCHP on the grid is reduced. In addition the introduction of an electric 

micro-grid that connects the two buildings (load sharing) concurs to reduce the 

bidirectional electricity exchange with the external grid.  

In order to compare the performance of a microcogeneration plant in a load sharing 

scenario (PS) with respect to a reference one (CS), a thermo-economic analysis [3] has 

been implemented according to the index and the tariffs defined in the section 1.3.  

According to the tariffs defined in section 1.3, the natural gas cost results equal to 0.90 

€/Sm3 and 0.86 €/Sm3 for Torino and Napoli, respectively. For the natural gas that feeds 

the MCHP a different cost is considered (reduced tax) according to the Italian law for 

cogeneration (0.79 €/Sm3 for both the locations). The electricity cost is assumed equal to 

0.21 €/kWh for both the locations. 

Figure 1.37 compares the energy, environmental and economic results for the buildings 

located in Napoli and Torino. The energy, environmental and economic performances of 

the users located in Torino are better than those of the users located in Napoli. This 

result can be explained by the different operational hours of the MCHP system. In fact in 

Torino the MCHP operates for about 3200 hours with respect to 2150 hours in Napoli. 

The PES is equal to 6.2% and 8.8%, respectively, for Napoli and Torino. Moreover the PS 

allows to obtain a reduction of carbon dioxide equivalent emissions equal to 6.7% in 

Napoli and to 8.3% in Torino.  
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The economic results are not so good for both locations. In fact the SPB is equal to 18.4 

and 11.6 years respectively for Napoli and Torino. However in some case there are 

economic support mechanisms which can provide up to the 40% of the investment cost. 

If these incentives are taken into account, the SPB could reach interesting values, 

especially in Torino. 

 

 

Figure 1.37. Energy, enironmental and econonic analysis. 

 

In order to highlight the influence of the self-consumed electricity share on economic 

results, a sensitivity analysis with respect to this parameter is carried out, Figure 1.38. As 

can be seen from Figure 1.38 the payback period strongly depends on the percentage of 

self-consumed electricity. For both the locations the SPB period reaches interesting 

value for high share of self-consumed electricity. If the user sells all the “produced” 

electricity to the external grid, the economic sustainability of the MCHP system is 

difficult to achieve also in presence of economic incentives (dashed line). 
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Figure 1.38. SPB as function of the percentage of self-consumed electricity. 

 

Therefore, this section has investigated the introduction of MCHP systems in buildings 

with low energy demand. In order to increase the operational hours of the MCHP system 

a load sharing between two different users was proposed. Moreover the simulations 

were performed considering two different Italian cities to analyze the correlation 

between the energy, environmental and economic performance with the climatic 

conditions. The following conclusion can be drawn from the present study: 

• the installation of MCHP systems in insulated buildings allows to increase the 

percentage of self-consumed electricity reducing the bidirectional electricity flow 

between the local users and the external grid. This aspect allows to reduce the 

impacts of the large diffusion of distributed generation systems on the grid. 

Moreover the high value of self-consumed electricity leads to economic 

advantages. 

• The sensitivity analysis with respect to the share of self-consumed electricity 

highlights the influence of this parameter on the economic results. Generally an 

MCHP system is sized on the base of the thermal load. This analysis shows that a 

careful assessment of the economic performance of an MCHP system may not go 

beyond by knowledge of user electric load. 

• In order to obtain energy, environmental and economic benefits, it is essential to 

install the MCHP system where there is a suitable heating demand. The results of 
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this study indicate that, in well-insulated building, the introduction of a micro-

grid between different users can help to have thermal and electric load profiles 

suitable for the MCHP application. 

• The load sharing approach between users with different load profiles allows to 

increase the operational hours of an MCHP systems. This aspect leads to better 

energy, environmental and economic results with respect to a conventional 

system. 

• The climatic conditions play an important role on the MCHP operational hours 

and hence on the thermo-economic performance of the system. Mainly, the 

MCHP operational hours have a strong influence on the SPB period. In mild 

climatic condition (Napoli), the increase of the MCHP operational hours due to 

the load sharing approach is not enough to obtain interesting value of the SPB 

without economic incentives. In this case, the introduction of a trigeneration 

system, able to meet also the cooling demand of the buildings in summer period, 

can improve the energy, environmental and economic performance of the 

system.  

• Well-insulated buildings, having lower demand-side heat-to-power ratios (in the 

range 2.5-3 in the investigated paper) with respect to the average existing stock, 

perfectly match with the quite low values of the plant-side heat-to-power ratio of 

MCHPs based on internal combustion engines (about 2 in the investigated case). 

Other technologies are less suitable for this application, either because they have 

higher heat-to-power ratios (such as about 4-7 for Stirling engines, suitable for 

standard buildings with lower insulation levels) or higher investment costs (such 

as fuel cells). 

These findings suggest that the installation of an MCHP system in residential or tertiary 

buildings with low energy demand is suitable if more users are coupled together by 

means of a thermal and electric micro-grid (load sharing approach).  

 

 

 



93 
 

1.6 Integration between electric vehicle charging and a micro-cogeneration system  

In the near future the diffusion of plug-in electric vehicles (EVs) could play an important 

role in the reduction of emissions and oil dependency associate with the transport 

sector. However this technology could have a big impact on the electric network 

because EVs require a considerable amount of electricity. In order to meet the growing 

load due to the diffusion of EVs, the construction of new infrastructures will be required. 

The introduction of micro-cogeneration systems could represent a key factor in the 

reduction of the negative effects on the electric network related to EVs charging. The 

EVs are often driven during the day and recharged during the night; so the overnight 

charge of the EVs allows to reduce the amount of electricity exported to the grid. In this 

way the economic benefits associated with the introduction of micro-cogenerator 

system (Micro Combined Heat and Power, MCHP), that depend on the economic value 

of the “produced” electricity, can be improved. At the same time the impact of EVs 

charge on the electric network can be reduced when electricity is provided by MCHP.  

In this section, the interaction among the MCHP system, which is described in section 

1.1, the EV charging and typical semidetached house is investigated by means of 

dynamic simulations. The analysis is carried out in two different locations (Torino and 

Napoli) in order to evaluate the effects of climatic conditions on the system 

performance. A parametric analysis with respect to the daily driving distance of the EV is 

carried out in order to highlight the effect of this parameter on the simulation results. 

Moreover, this section analyzes the effects that the EV charging strategy could have on 

the energy, environmental and economic results of the analyzed system. Two different 

EV charging strategies are taken in account: a normal charging strategy and an optimized 

one. In the first one, charging occurs when the EV is parked at home until the full charge 

is reached, while in the optimized strategy, charging is related to the MCHP operations 

in order to maximize the amount of self-consumed electricity and reduce the impact of 

EVs charging on the electric grid. The simulation results are strongly influenced by the 

daily driving distance of the EV, therefore a sensitivity analysis with respect to this 

parameter is carried out. Due to the different energy demand of scenarios with different 

EV daily driving distance, the thermo-economic analysis is performed as both absolute 

and relative comparison.  
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1.6.1. User description 

The user is a residential semidetached house with a total floor surface of 324 m2, equally 

divided on two adjacent apartments. Each apartment is arranged on two floors 

connected by an indoor staircase. Combining the electric and thermal load of several 

apartments, it is possible to increase the capacity of the MCHP system, so the specific 

investment cost (€/kWel) and the energy performance are positively affected (size 

effect). Generally, the more the number of apartments, the more this size effect is 

important. Nevertheless, as a cautionary assumption, the minimum number of separate 

apartments (two) has been considered in this work. The results are expected to improve 

with a higher number of apartments. The analysis is performed in two different 

geographical locations in Italy, Napoli (NA) and Torino (TO), characterized by 1,034 (NA) 

and 2,617 (TO) heating degree days, respectively. Different buildings envelope 

characteristics are defined for Napoli and Torino in order to represent a typical 

semidetached house for each analyzed area. The envelope characteristics of the building 

located in Napoli are defined according to a study on the current building stock reported 

in a draft of Energy Plan of Campania Region [88].The characteristics of the building 

located in Torino are chosen according to a reference building for Piemonte Regional 

building stock reported in the European project “Tabula” [89]. Table 1.20 reports the 

main thermo-physical features of building envelope for the two locations. The reference 

building in Torino has better envelope characteristics (more thermally insulated) with 

respect to the building located in Napoli due to the colder climatic conditions. In both 

locations, the windows represent about the 20% of the external walls surface. The ratio 

between the frame and the total surface of the window (glass and frame) is equal to 

20% too.  

 

Table 1.20. Main characteristics of building envelope [88] [89]. 

 Transmittance [W/m2K] Thermal mass [kg/m2] g-value [-] 

NA TO NA TO NA TO 

External wall 0.957 0.755 372 292 - - 

Roof 1.00 1.00 360 360 - - 

Ground 1.44 0.98 746 714 - - 

Window 2.95 2.83 - - 0.77 0.75 
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The electric loads of the two apartments are based on a high-resolution (1 minute) 

model of domestic electricity use. The model estimates the electric load according to: a 

list of installed appliances, a pattern of active occupancy, and daily activity profiles that 

characterize how people spend their time performing certain activities. An exhaustive 

description of the used model is reported in [81]. The loads are defined considering four 

occupants for each apartment. In particular apartment #1 is inhabited by two employed 

adults and two young students with an average annual electricity demand of 3,100 

kWh/year, apartment #2 is inhabited by two employed adults, one young student and 

one retired person with an average annual electricity demand of 3,250 kWh/year. 

The definition of the kind of occupants is essential in order to define the active 

occupants profile and consequently the electric load. 

Figure 1.39 shows the active occupants (when people are at home and awake) for the 

two apartments and for two type days, week day (wd) and week end day (we). The 

occupancy profiles are defined according to the different behavior of the people that live 

in the house.  

The model is able to estimate the electric load of the users according to active occupant 

profile, typical appliances installed in an Italian user and annual electric demand of each 

apartment (Figure 1.40). An average annual electric profile has been considered.  

The residential domestic hot water (DHW) draw profile was obtained by means of a 

software [82] developed within the “Solar Heating and Cooling Program (IEA SHC, Task 

26)” of the International Energy Agency. The DHW demand is defined for a period of one 

year with a time step of 6 minute. The average daily demand was assumed equal to 190 

l/day for each apartment [83], equivalent to 5.52 kWh/day (2015 kWh/year), assuming 

an average supply temperature of the DHW demand equal to 40°C and an average city 

water temperature of 15°C. Figure 1.41 shows the hot water profile for the two users, 

only for the first week of the simulated year (for reasons of brevity). 

The heating period was assumed different for the two locations: from November 15th to 

March 31st for Napoli and from October 15th to April 15th for Torino. The daily 

operation hours of the heating system follows the maximum limit according to Italian 

law [84]. This limit depends on the climatic zone and it is equal to 10 hours/day in Napoli 

and 14 hours/day in Torino. According to this limit, the heating system is turned on 

according to the following schedule: 
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• 6:00-10:00 and 17:00-23:00 in Napoli; 

• 5:00-11:00 and 16-24:00 in Torino. 

 

 

 

Figure 1.39. Daily profile of active occupants. 

 

The building is modelled, using a simulation software [42], assuming four thermal zone. 

Each apartment is dived in two thermal zones (one for each floor). When the heating 

system is turned on the zone thermostats set-point is assumed equal to 20±0.5°C. 

Therefore the heating devices are turned-on when the inside temperature is less than 

19.5°C and they are turned-off when it is higher than 20.5°C. 

The building is equipped with low temperature heating devices (e.g. fan coils, radiant 

systems) according to the supply temperature of the MCHP. 
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Figure 1.40. Daily electric demand. 

 

 

Figure 1.41. Hot water demand profile for the semidetached house in the first week of 
year. 

 

The duration diagram of the space heating load, for the analyzed semidetached house, is 

reported in Figure 1.42. The figure highlights the influence of the climate on the duration 

diagram of the space heating load and hence on the operation hours of the heating 
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system. The building located in Torino has a higher peak (33.0 kW) of thermal power 

demand with respect to the one located in Napoli (22.5 kW), due to the different climate 

conditions. The operation hours of the heating system located in Napoli (1360 h) are less 

than the operation hours of the same system located in Torino (2300 h), due to the 

longer heating period of the latter as allowed by the law. 

The annual space heating demand of the building is equal to 49 kWh/m2/year for Napoli 

and 83 kWh/m2/year for Torino.  

 

 

Figure 1.42. Duration diagram of the space heating load for the semidetached house. 

 

As regards the energy demand for mobility purposes, the presence of one electric 

vehicle for the semidetached house was considered. The choice to consider the 

presence of only one EV for two families is a cautionary assumption, related to a partial 

penetration of the electric mobility. In fact, if an EV for each family is considered, the 

advantages related to the interaction between EV charging and MCHP system will be 

grater, as it will be described later. The analysis was conducted considering different 

daily driving distances, so the mobility need is considered as a parameter that varies 

between 0 and 120 kilometers per day.  

Figure 1.43 shows the configuration of the Proposed System, PS. The MCHP system 

configuration is described in the previous section 1.1. The natural gas boiler delivers a 

nominal heat output of 25 kW, with a thermal efficiency equal to 92.1%. 
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Figure 1.43. a) Interactions between building and MCHP plant; b) MCHP plant. 

 

An electric vehicle charging station is installed in the premises of the building. The 

charging station has a charging power of 3.3 kW and an efficiency equal to 86% [90]. In 

this case the efficiency is the ratio between the power output and input to the charging 

station. The EV average performance is assumed equal to 0.173 kWh/km [91]. In order 

to evaluate the electric load associate to the EV charging for different daily driving 

distances two, different charging strategies are defined. In the first one (normal 

charging) the charging starts when the EV is parked at home (18:30) and stops when the 
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full charge is reached. The second strategy (optimized charging) allows to maximize the 

amount of self-consumed electricity supplied by MCHP. In fact, the charging occurs if the 

EV is parked at home and the MCHP is activated. Moreover a charging control system 

ensures that EV is fully charged at 7:30 am. The charging control system evaluate, in 

each simulation time-step, what is the time required for the fully recharge of the 

battery; if this time is less than the available one (that is, the time remaining time until 

7:30 am) the EV charging is forced, from the electric grid, even if the MCHP is turned-off.  

The performances of the MCHP plant are compared with those of a conventional system 

(CS), that consists of a boiler for each apartment. Therefore two boilers of 25 kW in 

Napoli and two of 30 kW in Torino are installed. In the CS the electricity needs are met 

by the electric grid. 

 

 

1.6.2. Discussion and results  

The analyzed system is simulated in the heating period for the two locations. Figure 1.44 

shows the thermal power provided to the building by the fan coils and that one provided 

by MCHP and boiler in a typical winter day. Thermal power required by the user has 

strong fluctuations due to the switching on and off of the fan coils (the building is 

divided in four thermal zones). The presence of the TES allows the MCHP to continuously 

operate, with few on-off cycles. The boiler operation (green line) is needed in order to 

ensure the supply temperature to the fan coils and it occurs in periods of high user 

thermal energy demand (morning and afternoon start-up phase).  

The electric load of the user depends on the EV daily driving distance and on the 

adopted charging strategy. In Table 1.21 the electricity demand for EV charging for 

different daily driving distance is reported. The table reports also the charging time 

required to fully charge the EV battery. It linearly increases with the daily driving 

distance. 
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Figure 1.44. Thermal load of the semidetached house and thermal power provided by 
boiler and MCHP for the user located in Napoli (left) and Torino (right) in a typical winter 

day. 

 

Table 1.21. Electricity demand for EV charging as function of EV daily driving distance. 

Distance [km] 20 40 60 80 100 120 

Output DC electricity [kWh] 3.46 6.92 10.38 13.84 17.3 20.76 

Input AC electricity [kWh] 4.04 8.07 12.11 16.15 20.19 24.22 

Charging time [h] 1.22 2.45 3.67 4.89 6.12 7.34 

 

Figure 1.45 shows the electric power required by the semidetached house for some of 

the investigated daily driving distances with normal charging strategy in Napoli. 

Moreover the figure reports the electricity purchased from and sold to the electric grid. 

The pink areas indicate that the EV is in charging. It must be pointed out that when the 

MCHP is turned off, the purchased electricity is slightly higher than the user’s demand, 
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due to the MCHP standby electric consumption (90 W). The EV charging starts at 18:30 

and ends when the EV is fully charged. For a daily driving distance of 40 kilometers, the 

EV charging occurs when the MCHP is turned on, so the amount of self-consumed 

electricity is increased. 

 

 

Figure 1.45. Electric power required by the user, sold to and purchased from the electric 
grid for different daily driving distances with normal charging strategy in Napoli. 

 

Moreover the integration of EV charge with an MCHP system allows to reduce the 

electricity drawn by the electric grid. For a daily driving distance of 80 kilometers, in 

some periods (around 22:00), the charging occurs when the MCHP is turned off. In this 

case there is a high peak of electricity purchased from the grid, but it has short duration 

with respect to the case of absence of MCHP, and it occurs when the electric demand on 

the “national grid” is relatively low (off-peak hours). The same occurs for a driving daily 

distance of 120 kilometers. 

Figure 1.46 reports the same information of Figure 1.45 but it is referred to the 

optimized charging strategy in Napoli. In this case the EV charging is related to the MCHP 

operation. In fact, as can be seen from the case of daily driving distance of 80 kilometers, 

the charging of EV is interrupted when the MCHP is turned off. This allows to maximize 
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the amount of self-consumed cogenerated electricity and to reduce the electricity peak 

on the electric grid. For a high daily driving distance (120 kilometers), in order to ensure 

that the EV is fully charged at 7:30, the EV charging occurs also in a period when the 

MCHP is turned off (between 4:30 and 6:00). Also in this case the peak of purchased 

electricity is shifted in off-peak hours. In addition to that, it is possible to self-consume 

part of the “produced” electricity due to the MCHP operation in the morning (when the 

heating system is activated). 

 

 

Figure 1.46. Electric power required by the user, sold to and purchased from the electric 
grid for different daily driving distance with optimized charging strategy in Napoli. 

 

Figure 1.47 shows the same information of Figure 1.45, but it is referred to the building 

located in Torino. The amount of electricity purchased from the grid is lower than the 

previous case (Napoli) due to the higher daily operation hours of the heating system, 

and so of the MCHP system, in Torino. The optimized charging strategy allows to 

increase the amount of self-consumed electricity also for Torino (Figure 1.48). In this 

case also for a daily driving distance of 120 kilometers, the EV can be totally charged 

with the electricity produced by the MCHP.  
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Figure 1.47. Electric power required by the user, sold to and purchased from the electric 
grid for different daily driving distances with normal charging strategy in Torino. 

 

 

Figure 1.48. Electric power required by the user, sold to and purchased from the electric 
grid for different daily driving distances with optimized charging strategy in Torino. 
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Table 1.22 summarizes energy simulation results for the two locations in the heating 

period. As mentioned above, the operation of the MCHP is not influenced by the 

presence of EV charging because the MCHP operates in “heat” led mode. As expected, 

the heating demand in Torino is greater than in Napoli due to the different climatic 

conditions. The annual electricity demand (without the EV electricity demand) of the 

two building is the same, but the values reported in Table 1.22 are different because 

these values refer to the heating period only, that is different for the two locations. The 

same goes for the DHW demand.  

Table 1.23 reports the electricity demand for the EV charging and the total electricity 

demand of the user as a function of the daily driving distance with normal and optimized 

charging strategy in both locations. The data are referred to the heating period. 

Moreover the table shows the self-consumed electricity and that one exchanged 

between the building and the electric grid. 

 

 Table 1.22. Energy simulations results for heating period in Napoli and Torino. 

  NA TO 

Energy demand [kWh] 

 

Heating demand   15,841 26,995 

Electricity demand  2,340 3,152 

DHW demand  1,645 2,161 

Thermal energy 

loss and auxiliary consumption 

[kWh] 

PS 
Thermal energy lost by TES 760 1,021 

Auxiliary consumption (fans + pumps) 725 1,149 

CS Auxiliary consumption (fans + pumps) 671 1,060 

Thermal energy 

“production” [kWh] 

PS 
Thermal energy from MCHP 14,701 24,436 

Thermal energy from boiler 3,525 5,539 

CS 
Thermal energy from boilers (heating 

and DHW) 
17,537 29,230 

PE  

[kWh] 

PS 
Primary energy input of boiler 3,681 5,845 

Primary energy input of MCHP 26,737 44,426 

CS 
Primary energy input of boilers 

(heating and DHW)  
20,225 30,550 

Electricity “production” [kWh] PS Electrical energy produced by MCHP 7,071 11,835 
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Table 1.23. Electricity user demand and electricity exchange between building and 
electric grid as a function of daily driving distance with normal and optimized charging 

strategy in Napoli and Torino. 

 EV distance 

[km/day] 
0 20 40 60 80 100 120 

N 

A 

P 

O 

L 

I 

Electricity 

user demand 

EV charging [kWh] 0 545 1090 1635 2180 2724 3269 

Total demand [kWh] 3065 3610 4155 4700 5245 5788 6333 

Normal 

charging 

Purchased [kWh] 1005 1060 1140 1211 1330 1833 2375 

Sold [kWh] 5011 4525 4064 3594 3172 3133 3128 

Self-consumed [%] 29% 36% 43% 49% 55% 56% 56% 

Optimized 

charging 

Purchased [kWh] 1005 1015 1033 1076 1212 1543 2052 

Sold [kWh] 5011 4476 3949 3447 3038 2825 2790 

Self-consumed [%] 29% 37% 44% 51% 57% 60% 61% 

T 

O 

R 

I 

N 

O 

Electricity 

user demand 

Charging EV [kWh] 0 730 1462 2192 2923 3654 4385 

Total demand [kWh] 4301 5031 5762 6493 7224 7955 8686 

Normal 

charging 

Purchased [kWh] 1280 1464 1650 1800 1983 2212 2937 

Sold [kWh] 8814 8268 7722 7142 6594 6093 6086 

Self-consumed [%] 26% 30% 35% 40% 44% 49% 49% 

Optimized 

charging 

Purchased [kWh] 1280 1304 1352 1434 1569 1789 2133 

Sold [kWh] 8814 8106 7420 6768 6173 5662 5274 

Self-consumed [%] 26% 32% 37% 43% 48% 52% 55% 

 

The introduction of EV charging allows to increase the amount of self-consumed 

electricity, that has a gradual increase with the daily driving distance. In addition, the 

introduction of the optimized charging strategy allows to increase the self-consumed 

electricity with respect to the normal charging strategy with the same daily driving 

distance. For example, for a daily driving distance of 120 km, in Napoli, the amount of 

self-consumed electricity is equal to 56.0% for the normal charging strategy and 61.0% 

for the optimized one. In Torino, the share of self-consumed electricity, expressed as a 

percentage of the electricity “production”, is lower than in Napoli. This is due to the 

higher electric and thermal load contemporaneity in the latter.  

The evaluation of the performance of the PS with respect to the CS is carried out 

through energy, environmental and economic analysis (section 1.3) [3].  

The energy performance of the analyzed systems was evaluated by means of the 

Primary Energy Saving (PES), while the environmental performance was evaluated 

through a simplified approach based on the evaluation of carbon dioxide equivalent 

emissions. The economic analysis was carried out to evaluate the influence of the 
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introduction of EV charging on operation cost (OC) of both PS and CS. So the operation 

cost reduction (ΔOC) of the PS with respect to the CS is evaluated for each case. For the 

evaluation of the operating costs, the natural gas and electricity tariffs and the 

corresponding taxes are considered for an Italian user (section 1.3). A tariffs analysis led 

to an electricity cost equal to 0.20 €/kWh for the purchased one and equal to 0.13 

€/kWh for the sold one. The natural gas cost is 0.90 €/Nm3 and 0.86 €/Nm3 for Torino 

and Napoli, respectively. For the natural gas that feeds the MCHP a different cost is 

considered (reduced tax) according to the Italian law for cogeneration (0.79 €/Nm3 for 

Napoli and 0.80 €/Nm3 for Torino). The energy and environmental results obtained from 

this investigation are reported in Figure 1.49.  

 

 

Figure 1.49. PES and ∆CO2eq (percentage and absolute values) as a function of EV daily 
driving distance for the two charging strategies and for the two locations. 

 

In the top left diagram of Figure 1.49 the PES is reported for the two locations and for 

the two charging strategies adopted. The PES is almost the same for the two charging 

strategies and it is in the range 17.6 ÷ 22.0% in Napoli and 19.2 ÷ 23.3% in Torino. It 

seems that the performance of the PS are better without the EV charging (PES is higher 
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when the EV daily driving distance is equal to zero), but these results should be carefully 

analyzed, as scenarios with different energy demands (different daily driving distance) 

are considered. The MCHP system has the same energy performance in all the scenarios, 

but the percentage values of the PES decrease due to the increasing primary energy 

consumptions of the reference system. If the absolute values of the PES (diagram on the 

bottom-left side of Figure 1.49) are analyzed, the primary energy saving increases with 

the EV daily driving distance. Also the optimized charging strategy allows to increase the 

absolute value of PES. These findings are due to the increasing value of the self-

consumed electricity that allows to avoid the electricity losses on the low voltage grid.  

Similar considerations can be made for the ∆CO2eq reported in the top-right diagram of 

Figure 1.49. The ∆CO2eq is in the range 20.0 ÷ 26.0% in Napoli and 22.3 ÷ 28.0% in Torino. 

Also in this case, the percentage value of the ∆CO2eq decreases with the daily driving 

distance, while the absolute value increases. These findings have the same explanation 

of the previous case (PES). 

Figure 1.50 shows the reduction of the operation cost of the PS with respect to the CS.  

 

 

Figure 1.50. Operation cost reduction of the PS with respect to CS in the two different 
locations and for different charging strategy. 

 

The MCHP system installed in the building located in Torino ensures higher ΔOC with 

respect to case of Napoli. This result is due to the colder climatic conditions of Torino 

that ensure higher operation hours of the MCHP system with respect to Napoli. The 

introduction of EV charging allows a marked reduction of operation costs especially with 

high EV daily driving distance. In fact for a daily driving distance of 120 kilometers, the 
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increase of ΔOC is equal to 61.9% for Torino and 78.3% for Napoli with respect to the 

base case (without EV) and considering a normal charging strategy. The introduction of 

an optimized charging strategy allows to increase the ΔOC, that becomes greater than 

79.8% in Torino and 90.4% in Napoli with respect to the base case. Generally, the 

increase of ΔOC with the optimized charging strategy with respect to the normal 

strategy is in the range 1÷11%.  

In conclusion, this section has investigated on the integration between an MCHP system 

and the energy demands of an electric vehicle and of a typical semidetached house. The 

analysis was carried out by means of dynamic simulations in two different geographical 

locations in Italy. Different daily driving distances of the EV were investigated in order to 

highlight the effect of this parameter on the simulation results. A normal charging 

strategy and an optimized charging strategy were implemented to analyze its influences 

on the performance of the proposed system. In the normal one, charging occurs when 

the EV is parked at home until the full charge is reached. In the optimized strategy, 

charging is related to the MCHP operations in order to maximize the amount of self-

consumed electricity.  

The more significant findings emerging from this study are: 

• the integration of EV charging with an MCHP allows to reduce the impact of large 

diffusion of EVs on the electric network. With the overnight charging of EVs, the 

electricity “produced” by the MCHP to charge the EV batteries can be used. The 

peaks of electricity purchased from the grid presents can be lowered with thanks 

to the MCHP, and generally these peaks are shifted in periods of low electricity 

demands on the electric grid.  

• Coupling EV charging with an MCHP system allows to reduce the amount of 

“produced” electricity exported to the grid. In this way the economic benefits 

associated with the introduction of an MCHP system, that depend on the 

economic value of the “produced” electricity, can be improved. In fact, the EV 

charge increases the amount of self-consumed electricity, as a result it allows to 

improve the economic feasibility of an MCHP system. The economic advantages 

are clear for both geographic locations (Napoli and Torino). 

• Increasing the average daily driving distance of the EV, the amount of self-

consumed electricity can be increased, and consequently the operation costs 
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decrease. This result could be achieved also increasing the number of EVs and 

considering a particular charging strategy that avoids the simultaneous charging 

of the EVs.  

• The optimized charging strategy increases the share of self-consumed electricity 

with respect to the normal one. The reduction of operation cost due to this 

strategy is in the range 1÷11% . 

• The energy and environmental results show a rise of the absolute savings in 

terms of both primary energy, MWh, and avoided CO2eq emissions, kg of CO2eq. 

This result is due to the reduction of exported electricity, that allows to reduce 

the electricity grid losses.  

Even if good reductions of operating costs related to the integration between the EV 

charging and MCHP system can be achieved, the high investment cost of the MCHP 

equipment (18000 €, that can be reduced to 10800 €, considering public subsidies up to 

40%) leads to quite high value of the investment payback period. However, it should be 

pointed out that this section takes into account only the system operation in the heating 

period, therefore the economic performance can be positively affected by the 

introduction of a thermally activated system (absorption chiller, desiccant cooling) to 

meet the cooling requirements of the building in summer period and to increase annual 

operating hours of the micro-trigeneration system.  

On the other side, the integration between the MCHP system and an electric heat pump 

can concur to increase the amount of self-consumed electricity in the heating period. 

Nevertheless, the installation of an electric heat pump or a thermally activated cooling 

system would determine a further increase of the installation cost, therefore its 

introduction should be accurately evaluated by means of a detailed economic analysis. 

Further strategies can be adopted to improve the economic feasibility, such as the 

introduction of MCHP system in multifamily house with more than two apartments, that 

can lead to a greater size of the micro-cogenerator with consequently lower investment 

specific cost (€/kWel). At last, a load sharing approach between residential and office 

building, as described in previous sections, can increase the operating hours of the 

MCHP system and improve the economic performance. Therefore, further analyses 

focused on these aspects are required.  
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This study is carried out for a 6 kWel MCHP system serving a semidetached house with 

two apartments located in two different Italian climates, but it could be extended to 

other types of multifamily buildings (in terms of apartments number) and climatic zones, 

considering a different size of the MCHP system. In Italy, residential buildings are more 

than 12 million of which about 61% are multifamily houses [92], eligible for this 

technology. Therefore the integration of MCHP and EV in residential sector has an 

enormous number of possible applications, and it could be an interesting solution in 

order to overcome certain restrictions that hinder their diffusion. 

Finally, this study suggests that the diffusion of distributed generation systems based on 

cogeneration can play an important role in the reduction of the negative effects that a 

wide diffusion of EVs could have on the electric network. The charging of EV battery with 

the electricity “produced” by an MCHP has positive effects not only on the electric 

network but also on the economic feasibility of the system.   
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CHAPTER 2: Dynamic simulations of hybrid energy 

systems in load sharing application 

This chapter analyzes the energy, environmental and economic performance of different 

system configurations serving a residential and office buildings in load sharing approach, 

under Napoli (South Italy) weather conditions. The load sharing approach is investigated 

using dynamic simulations in comparison to a base case with separate conventional 

systems. In order to meet the energy requirements of the buildings five system 

configurations (cases) are defined: 

• conventional case with one boiler and one chiller for each building;  

• conventional case with a common boiler and chiller in load sharing approach;  

• Ground Source Heat Pump (GSHP) systems in load sharing; 

• Hybrid system with GSHP and micro-cogenerator based on FC in load sharing; 

• Hybrid system with GSHP and Photovoltaic Thermal (PVT) collectors in load 

sharing. 

Once the advantage of load sharing approach was demonstrated, the performances of 

two different hybrid systems in load sharing scenario were analyzed. The first hybrid 

system is based on FC and GSHP is not a hybrid renewable energy system because both 

the energy conversion device (FC and GSHP) are fed by traditional energy vectors 

(natural gas and electricity). Instead the second analyzed hybrid system is based on PVT 

collectors, which represent a renewable cogeneration system, and a GSHP. The 

performances of these two systems were also compared to a stand-alone GSHP system 

in order to analyze the advantages of hybrid systems to a single GSHP system.  

 

2.1 System configuration  

In order to investigate the performance of hybrid micro-cogeneration technologies, 

serving several users in load sharing approach, different cases were developed and 

analyzed: 

• Case 1 utilizes stand-alone conventional boilers and chillers for each building in 

order to meet the heating and cooling load of the end users (Figure 2.1). 
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Domestic Hot Water (DHW) needs are met by means of a Thermal Energy Storage 

(TES) heated by a boiler. 

 

 

 

Figure 2.1. System configuration of case 1. 
 

• Case 2 is a load sharing setup featuring single conventional boiler and chiller used 

to meet the combined load of the house and office (Figure 2.2). A centralize 

storage tank is used to store hot water for DHW demand. 

 

 

Figure 2.2. System configuration of case 2. 
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• Case 3 utilize a GSHP in order to provide heating and cooling demand of the 

combined users (Figure 2.3). The GSHP thermally interacts with the ground by 

means of a ground heat exchanger (GHX). A hot water tank, integrated with a 

peak/back up gas burner, is considered in order to provide the supplementary 

heat whenever the GSHP is not able to provide the required thermal energy or 

for the DHW in cooling period. A cold water storage tank is used in the cooling 

period. The DHW demand is met by means of an immersed heat exchanger in the 

hot water tank. 

 

 

Figure 2.3. System configuration of case 3. 

 

• Case 4 is a hybrid micro-cogeneration system, that consists of a GSHP and a 

micro-cogenerator based on FC. It is utilized to meet the combined load of the 

users (Figure 2.4). The system configuration is similar to case 3 except the 

presence of a micro-cogenerator. The electricity provided by the MCHP is used to 

meet the electric load of the users or it is sold to the grid. Moreover the thermal 

energy recovered by the cooling circuit of the FC is used to heat the hot water 

storage tank. 
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Figure 2.4. System configuration of case 4. 

 

• Case 5 is a load sharing scenario where a hybrid micro-cogeneration system, 

which consists of a GSHP and PVT, is utilized to meet the combined load (Figure 

2.5). The PVT panel generates electric and thermal energy. The electricity can be 

used in order to meet the electric load of the users or it can be sold to the grid. 

The thermal energy is provided by an immersed heat exchanger to a hot water 

tank. The other components are the same of the previous case. 

 

 

Figure 2.5. System configuration of case 5. 

 

In each cases the residential and office users are equipped with low temperature 

heating devices (fan coils) according to the supply temperature of the heating systems. 

Moreover this choice allows to use the fan coils also in the cooling period. 



116 
 

2.2. Model description 

The systems described in the previous section were modelled and implemented in 

TRNSYS software platform [42]. As described in previous section 1.2, it is a transient 

simulation software widely used, in the field of energy, to simulate the interaction 

between a building and energy systems. TRNSYS has a modular structure and each 

component of the system is modelled by means of subroutines (“types”) available in 

TRNSYS library [42][43]. The components can be connected together to form complex 

systems. 

A TES is modelled through a “multi-node approach” (type 534) [43]. The consistence of 

this approach is shown in the previous section 1.2.2. 

In load sharing scenarios the thermal micro-grid was simulated by "type 31" [42]. The 

thermal micro-grid has been dimensioned starting from the knowledge of the maximum 

thermal/cooling power to be provided to the remote user (office user), the temperature 

difference between supply and return of the fluid and its flow rate, in order to keep the 

velocity of the fluid in the typical range 1-2.5 m/s. The diameter of the pipe was 

therefore set to 2.5 cm. Finally, it was assumed a value of U (overall heat transfer 

coefficient) equal to 0.5 W/m2K. The overall heat transfer coefficient selected for the 

network represents the typical value for a pre-insulated pipe with an internal diameter 

of 2.5 cm [71]. The thermal micro-grid thermally interacts with the ground, whose 

temperature is simulated by means the “type 77” [42]. 

“Type 557” is used in order to model a vertical heat exchanger (single U-tube) that 

interacts thermally with the ground. The design of ground heat exchanger (GHX) is based 

on German guideline for ground source heat pumps (VDI 4640 [93]), while the presence 

of rocky subsoil characterized by an average thermal conductivity of 1.5 W/(mK) is 

assumed. In order to take into account the thermally interaction between the different 

boreholes, the total length of the GHX is increased of 20%. The percentage increase of 

GHX length was evaluated by means dynamic simulation in order obtaining good value 

of the average seasonal coefficient of performance (around 4).  According to this 

assumption the GHX consists of 8 boreholes up to a depth of 60 m. The water-to-water 

heat pump is modelled through “type 668”. This model is based on external data files 

containing catalog data readily available from heat pump manufacturers [95].  
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In case 5, “type 563” is used to model PVT panels. This model relies on linear factors 

relating the efficiency of the PV cells to both the cell temperature and the incident solar 

radiation. In addition, it is assumed that the cells are operating at their maximum power 

point condition. The thermal model of PVT collector relies on algorithms presented in 

Chapter 6 of reference [94] and the calibration of this model is based on “PVtwin” 

module tests [96]. 

In case 4 the micro-cogenerator system is based on FC. For small scale cogeneration 

application the FC technologies commonly used are proton exchange membrane fuel cell 

(PEMFC) and solid oxide fuel cell (SOFC) based systems [3]. These FC technologies 

guarantee the advantage of high overall efficiency, reduced environmental impact, and a 

good match with the residential thermal to power ratio [3]. PEM fuel cell operate at 

temperatures of up to 90 °C, it uses cheaper materials with respect to SOFCs, in which 

the process temperature is about 800 °C. SOFC have better performance than PEMFC 

technology, but start-up and cooling phases take longer time. These aspects affects time 

and costs required for installation, maintenance, repair and durability of SOFC [3]. Due 

to the low temperature thermal energy requests by buildings, PEMFC are used in these 

simulations. In order to model the function of a micro-cogenerator based on FC, a non-

linear regression method which is based on experimental data for a proton exchange 

membrane fuel cell (PEMFC), was used [97]. In this model the electric and thermal 

efficiencies are function of MCHP electrical power, cooling water flow and inlet 

temperature. The efficiency model consists of 8 coefficients for each equation:  

 

_`abc = dJ + dT ⋅ f̀ a + dY ⋅ gh + di ⋅ Zh,RU + dj ⋅ f̀ aY + dk ⋅ ghY + dl ⋅ Zh,RUY +
												+	dm ⋅ gh ⋅ Zh,RU                                                                                                               (2.1) 

 

_`anc = 0.8 ∙ _`abc                                                                                                                            (2.2)          

 

_Xq = rJ + rT ⋅ f̀ a + rY ⋅ gh + ri ⋅ Zh,RU + rj ⋅ f̀ aY + rk ⋅ ghY + rl ⋅ Zh,RUY 	+																				+
												+	rm ⋅ gh ⋅ Zh,RU                                                                                                               (2.3) 
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where: a0 = 0.404; a1 = 1.736*10-4 [W-1]; a2 = -0.293 [l-1 min]; a3 = -0.0035 [°C-1]; a4 = -

4.059*10-8 [W-2]; a5 = -0.0468 [l-2 min2]; a6 = 6.925*10-5 [°C-2]; a7 = 0.005 [°C-1 l-1 min]; b0 = 

0.443; b1 = -4.112*10-4 [W-1]; b2 = 2.268 [l-1 min]; b3 = -0.0034 [°C-1]; b4 = -8.996*10-8 [W-

2]; b5 = -0.602 [l-2 min2]; b6 = -4.244*10-5 [°C-2]; b7 = -0.0179 [°C-1 l-1 min].  

Once the efficiencies are obtained, the required fuel input and the cooling water outlet 

temperature can be determined by energy balance equations. The model was 

experimentally calibrated and validated at CanmetENERGY laboratory in Ottawa 

(Canada).  

The validation procedure indicated a value of the Root Mean Square Error (RMSE) and 

Mean Relative Error (MRE) for the thermal power output to the MCHP equal to 25.0 W 

and 1.9%, respectively. The RMSE and the MRE for natural gas flow input to the system 

are equal to 0.095 slpm and 2.0%. More detailed information about the model, its 

calibration and validation procedure and the experimental facility can be found in [97] 

[87]. Table 2.1 presents a brief description of the model “type” used in the simulation. 

 

Table 2.1. Main TRNSYS model “type” used in the simulation. 

Component TRNSYS type Comments 

Building Type 56 Multi zone building model 

Boiler Type 751 With variable input efficiency profile at part load 

Chiller Type 655 Performance data based 

Two-speed blower/fan Type 644  

Heating coil Type 753 Bypass fraction approach 

Cooling coil Type 508 Bypass fraction approach 

Hot/cold TES Type 534 With option of immersed heat exchangers and 

auxiliary heaters 

Circulation pump Type 656 Variable speed pump 

Overhang shading 

device 

Type 34 Interact with building (type 56) 

Pipe Type 31 It uses a "plug-flow" model 

Ground temperature Type 77 Temperature of the ground that interact with the 

pipe (type 31) 

Ground heat exchanger Type 557 Vertical u-tube GHX. Duct ground heat storage 

model 

Water-to-water HP Type 668 Performance data based 

PVT panels Type 563  

PEM fuel cell   Empirical performance maps. 
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The end users, which consist of a house and an office building with the same floor area 

of 200 m2 and related thermal load, were simulated using the interface “TRNBuild” of 

TRNSYS and its “type 56”. The building characteristics of the two users are reported in 

Table 2.2. According to the Standard EN 410:2011, the g value represents the total solar 

energy transmittance, or solar heat gain coefficient, of glazing for solar radiation in the 

wavelength range between 300 nm and 2500 nm [98]. The g value is essential in order to 

characterize the transparent surface of the building envelope. Moreover in order to 

reduce the solar gain in the cooling period an overhang shading device was modelled 

through the “type 34”. This “type” computes the solar radiation on a vertical receiver 

(window) shaded by an overhang and/or wingwall. Detailed description of the “type” 

model can be found in TRNSYS documentation [42][43]. 

 

Table 2.2. Building envelope characteristics. 

 

 

2.3. Simulation inputs and control approach 

2.3.1 Domestic hot water demand 

The residential domestic hot water draw profile used in the simulation was carried out 

by means of a software [82] developed within the scope of the Solar Heating and Cooling 

Program of the International Energy Agency (IEA SHC) Task 26. In order to take into 

account fairly realistic DHW demand for a period of one year a time step of 6 minute 

was chosen. The average daily demand was assumed equal to 260 l/day for the house 

and 40 l/day for the office users [83]. The software carried out a DHW demand different 

for each day of the simulated year. In order to show a typical profile, in Figure 2.6, the 

DHW demand for the residential user is reported for the first week of the simulated year 

(for reasons of brevity). The hot water profile for an office user, in a week day, is shown 

in Figure 2.7. In literature, there is not detailed information about typical hot water 

profile for office users, therefore the hot water demand is assumed higher at lunch time 

and lower at other work time. This assumption represents an approximation but it does 

Opaque building elements Transparent building elements 

 Roof External walls On ground floor  North South West/East 

U [W/m
2
K] 0.38 0.40 0.42 2.31 2.31 2.31 

g [-] - - - 0.60 0.60 0.60 
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not affect the simulation results due the low office DHW demand with respect to the 

total thermal energy demand of the users. In a weekend day the hot water demand for 

an office user is equal to zero and the temperature of the DHW demand was assumed 

equal to 40°C. 

 

 
Figure 2.6. Hot water profile for residential user in the first week of the simulated year. 

 

 
Figure 2.7. Hot water profile for an office user in a week day. 

 

2.3.2 Electric load profile  

The electric load for the residential user is defined for three different type days 

(Weekday, Saturday and Sunday). The electric load profiles shown in Figure 2.8 are 

based on real data measured in ref. [99]. The different load profile for the three type 

days are both due to the different occupancy and occupants behavior. In a work day the 

electric demand shows a morning and evening peak, while during the work time the 
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electric load is lower. On Saturday, the different load profile is due to the large use of 

household appliances in the central hours of the day. The Sunday load profile presents a 

smaller peak compared to the other days of the week, due to a low occupancy factor 

and a lower use of appliances.   

 

 
Figure 2.8. Electric load profiles for weekday, Saturday and Sunday (residential user).  

 

The annual electric consumption of the office user is assumed equal to 50 kWh/m2 [100]. 

The load profile is assumed constant in the weekend and during the night (0.57 kW), 

while on weekdays the electric demand is equal to 2.8 kW during the working hours (9-

18) with a small reduction during lunch time (electric load about 2 kW).  

 

2.3.3 Equipment capacity 

The capacity and the nominal characteristics of the main components in the different 

cases are reported in Table 2.3. The sizing of the different components is based on the 

heating and cooling load of the end users. In case 3 the presence of TES allows to reduce 

the capacity of the GSHP with respect to the nominal capacity of boiler and chiller in 

case 2. Moreover an auxiliary heater is added in the TES in order to meet the peak load 

and the DHW demand in cooling period. In case 5, 30 PVT collectors are installed, with a 

total surface area of 76.8 m2. Module performance is referred to standard test 

conditions (STC, irradiance 1000 W/m2 and ambient temperature 25°C). In Table 2.3 the 

electrical and thermal rate capacity of PVT is referred to the total value (30 collectors) 
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while the PVT panels are south oriented with a tilt angle of 30 degrees (coplanar with 

the roof surface). The design of PVT system is based on electrical requirement of the 

combined user and also on considering the available surface (south oriented) of the 

residential user. The thermal and electric efficiency of the FC is referred to a full load 

condition with an inlet temperature of cooling water of 35 °C. For the cooling operation, 

the COP of GSHP and chiller is reported at full load condition with a load side 

temperature of 12/7 °C (in/out) and a source side temperature of 30/35°C (in/out), while 

for the heating operation the COP of GSHP is referred to a load side temperature of 

40/45 °C (in/out) and a source side temperature of 10/7°C (in/out).  

 
Table 2.3. Capacities of the main components. 

 
Component Capacity  Nominal characteristics  

Case 1 

Boiler (house) 15.0 kW η = 0.921 

Boiler (office) 15.0 kW η = 0.921 

Chiller (house) 14.1 kW COP = 3.0 

Chiller (office) 17.6 kW COP = 3.2 

TES for DHW (house) 0.189 m3 UTES = 0.36 W/m2K 

TES for DHW (office) 0.189 m3 UTES = 0.36 W/m2K 

Case 2 

Boiler 25 kW η = 0.931 

Chiller 24.6 kW COP = 3.5 

TES for DHW 0.227 m3  

Case 3 

GSHP heating 21.03 kW COP = 3.9 

GSHP cooling 17.66 kW COP = 4.0 

TES (hot) 0.300 m3 UTES = 0.36 W/m2K 

TES (cold) 0.190 m3 UTES = 0.36 W/m2K 

Case 4 

GSHP heating 21.03 kW COP = 3.9 

GSHP cooling 17.66 kW COP = 4.0 

TES (hot) 0.300 m3 UTES = 0.36 W/m2K 

TES (cold) 0.190 m3 UTES = 0.36 W/m2K 

FC 1 kWel 
ηel = 0.32 

ηth = 0.53 

Case 5 GSHP heating 21.03 kW COP = 3.9 

GSHP cooling 17.66 kW COP = 4.0 

TES (hot) 0.500 m3 UTES = 0.36 W/m2K 

TES (cold) 0.190 m3 UTES = 0.36 W/m2K 

PVT 
8.85 kWel 

46.1 kWth 

See [96] 
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2.3.4 Control strategy 

The heating system is turned on according to the following time schedule: 

• 6:00-9:00 and 17:00-22:00 for the house; 

• 8:00-18:00 for the office; 

The room thermostats set-point are set to 20±0.5 °C for both these end users who are 

located in Napoli (South Italy), while the climate data that is used in the simulation are 

downloaded from “EnergyPlus” website [101]. The operation hours of the heating 

system represents the maximum limit according to Italian law [84] which is equal to 10 

hours/day in Napoli but actually depends on the climatic zone of the user. The heating 

period is assumed to be from November 15 to March 31. The cooling system is turned 

on according to the following time schedule: 

• 14:00-20:00 for the house; 

• 8:00-18:00 for the office; 

In a cooling period the room thermostats set-point are set to 25±0.5 °C for both the 

users. The office user the heating and cooling timetable is chosen in order to ensure 

thermal comfort in the work time while for the residential user the heating and cooling 

systems are activated in the hours of higher occupation of the building.  

For case 1 and case 2, the boiler is turned on when there is a heating need or when the 

temperature in the DHW storage tank is below than the set-point. The boiler outlet 

temperature is controlled to 82±2 °C while the temperature of the fluid provided to the 

end user is set to 60 °C by a three way valve (tempering valve). The temperature of the 

storage tank used for DHW demand is controlled through a sensor installed in the 

middle of the storage tank and its temperature is kept in the range 45±2.5 °C. A 

tempering valve is used to ensure DHW temperature is kept at 40°C. In cooling season 

the chiller is activated when there is cooling load by the users and the water 

temperature is kept at 7±2 °C. The GSHP is controlled by the water temperature in the 

hot/cold storage tank. In particular in heating/cooling period the GSHP is turned on in 

order to keep the temperature of the storage tank in the range of 50±2.5 °C/7±2 °C. In 

case 4 the fuel cell is assumed running continuously at its maximum capacity. This choice 

is due to the low thermal and electric capacity of the FC (compared with the thermal and 
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electric load of the users). The presence of TES allows storage of surplus cogenerated 

thermal energy in summer period, when there is only DHW demand (with discontinuous 

thermal energy requirements). Moreover the high electric efficiency of the FC allows to 

obtain a good energy performance and also a partial utilization of the cogenerated 

thermal energy. In case 5 a differential control strategy is used in order to manage the 

activation of the PVT pump. The pump differential controller activates the PVT pump if 

the difference between the temperature of the heat transfer fluid outlet the PVT and 

the water in the TES (in proximity of the heat exchanger that thermally interacts with 

PVT panels) is greater than 8°C, while the PVT pump is deactivated if this difference is 

lessen than 4°C.  

The introduction of hybrid energy systems bring about increased complexity in the 

control strategy and system configurations. Nowadays the development of control and 

automation systems allow to overcame these potential problems through dedicated 

control systems. 

 

2.4. Energy, environmental and economic analysis methodologies 

In order to evaluate the performance of the different cases an energy, environmental 

and economic analysis (3-E) [3] was implemented.  

The energy performance of the different systems were evaluated through the Primary 

Energy Saving (PES) which represents the primary energy saving of the analyzed case 

with respect to the reference case (case 1).  

The environmental performance of each case was evaluated through a simplified 

approach based on the evaluation of carbon dioxide equivalent emissions (CO2eq). The 

comparison is based on the avoided CO2eq emissions (∆CO2eq) of the analyzed case with 

respect to the reference one (case 1). The primary energy and CO2eq emissions are 

evaluated according to the methodology described in section 1.3.  

Table 2.4 reports the equation used to estimate the investment costs of every case. The 

cost estimation for the analyzed systems (GSHP, PVT and FC) has a large variability due 

to their immature market share. In our work, the evaluation of the investment costs are 

based on the current market price indicated in the references reported in Table 2.4. 
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Moreover the investment cost could be influenced by incentives mechanism and by the 

price reductions on equipment resulting from economy of scale and market expansion of 

these technologies.  

   

Table 2.4. Investment costs estimation for each component. 

Component Investment costs [€] 

Boiler ( ) 26.1P93.13421 b⋅+ [79]  

Chiller cP95.6044.5315 ⋅+ [102] 

TES TESV1450500 ⋅+  [102] 

GHX GHXL67 ⋅  [103] 

GSHP 665.0
GSHPP5.1949 ⋅  [104] 

FC FCP6700 ⋅  [3] 

PVT PVTS710 ⋅  [105] 

Thermal network networkL40 ⋅  [78] 

 

 

 

2.5. Discussion and results 

The heating, cooling and DHW load is almost the same for all the cases. For this reason, 

only the energy demands of case 1 is reported: 

• heating requirement 5,834 kWh/year; 

• cooling requirement 16,729 kWh/year; 

• DHW 3,065 kWh/year. 

The low energy demand for heating (about 15 kWh/m2/year) is due to the good isolation 

of the building envelope (see Table 2.2) in addition to the “mild climatic condition” of 

Napoli. 

The Figure 2.9 shows the electricity and primary energy related to natural gas. Moreover 

the electricity (el. in Figure 2.9) consumption is divided in five groups: 

• el. noHVAC, represents the total electricity demand except the electricity used 

for the HVAC (Heating, Ventilation, and Air Conditioning) systems; 

• el. fan+pump, is the electricity utilized for the pumps and the fans of the HVAC 

system; 

• el. chiller, is the electricity used to feed the chiller during the cooling period. 
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• el. GSHP heating, is the electricity used to feed the GSHP in heating period; 

• el. GSHP cooling, is the electricity used to feed the GSHP in cooling period; 

• el. production, represents the electricity “production” used for the cases 4 and 5. 

The subdivision of the final energy consumption in cases 1 and 2 are almost the same, 

but case 2 allows obtaining a small reduction in energy consumption (about 3.7%) with 

respect to case 1. The case 3 presents a good reduction (27.5%) of the energy 

consumption with respect to case 1, due to the high coefficient of performance of the 

GSHP (with respect to the conventional system used in cases 1 and 2). Particularly in this 

case, the natural gas is used to meet DHW demand in a cooling period and for a peak of 

heating load in winter. For this reason the natural gas demand is less than the demand 

of cases 1 and 2. In case 4 the high natural gas consumption (with respect to the case 1) 

is due to the introduction of an FC. The case 5 allows for a good reduction of energy 

consumption due to the introduction of PVT panels. Moreover in the last two cases an 

electricity “production” which is due to the presence of FC and PVT, is present.  

 

 
Figure 2.9. Electricity and natural gas “consumption”. 

 

A better indication of the energy performance of the different cases is obtained by 

means of evaluation of primary energy consumption which is reported in Figure 2.10. 

The load sharing approach allows obtaining a reduction of a primary energy 

consumption of 2.1% (Figure 2.10) with respect to the reference case (case 1). This result 
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is due to the improved equipment efficiency (size factor) and also to different load 

conditions. The GSHP (case 3) is able to achieve a primary energy saving of 8.4%. In case 

4 a GSHP and MCHP based on FC were introduced and the combination of the two 

devices allows improvement of the system energy performance while ensuring primary 

energy savings of 12.8 % with respect to the reference case. In case 5 for the calculation 

of the primary energy saving the solar energy input to the PVT system is not taken into 

account. In this case the combination of a GSHP and PVT allows to obtain a primary 

energy saving of 53.1%. The better energy performance of these two cases is due to the 

introduction of a hybrid energy system based on an MCHP. In fact the cogeneration 

approach allows to recover thermal energy by cooling the FC (case 4) or PVT (case 5) and 

it also allows utilization of a part of the produced electricity to feed the GSHP. In case 4 

the FC works, at full load, for all simulations. For this reason in some operational 

conditions the temperature of the cooling water inlet to the FC is high (about 50 °C) so 

the thermal efficiency of the MCHP decreases.  

Avoided CO2eq emissions (∆CO2eq) of the analysed case in respect to the reference one 

are also reported in Figure 2.10. The load sharing approach (case 2) allows a reduction of 

CO2eq emissions of 1.9%. The introduction of a GSHP in load sharing (case 3) ensures a 

ΔCO2 equal to 6.8%. The two hybrid cases showed good environmental performance 

with a ΔCO2eq equal to 15.8% for GSHP-FC (case 4) and 52.0% for GSHP-PVT (case 5).  

 

 
Figure 2.10. Primary Energy Saving and avoided CO2eq emissions with respect to the case 

1 (on the right); operational cost and operational cost reduction with respect to the case 

1 (on the left). 
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The Figure 2.10 (on the left side) reports the operational cost and the operational cost 

reduction with respect to the reference case. In all cases good reduction of the 

operational cost has been achieved which vary between 18.9% (case 2) and 56.4% (case 

5). 

Table 2.5 reports an overview of the economic analysis, such that the additional cost and 

the operational cost reduction reported in therein are evaluated with respect to the 

reference case (case 1).  

 

Table 2.5. Economic analysis. 

 

It is interesting to analyze the economic results of case 2, wherein the introduction of a 

small thermal network allows to reduce not only the operation cost but also the 

investment cost. Indeed the presence of a thermal network allows to install a centralized 

heating and cooling plant, with advantages in terms of investment cost because the 

costs associated to the realization of thermal network are low (about 2000 €) for this 

size. For this case is not possible to evaluate the SPB due to the negative value of 

additional cost. In the case 3 the introduction of a GSHP allows the obtaining of a good 

reduction of the operation cost, but the high investment cost associated to the GHX 

constructions leads to a high value of SPB (10.7 years). For both hybrid systems, the SPB 

value is higher than the case 3. Moreover the Italian law provides an economic support 

for the installation of systems feeds on renewable energy or energy efficient. For 

example the introduction PVT and GSHP in the residential sector allow to obtain a tax 

deduction equal to 65% of the investment cost. In this way the SPB index could achieve 

interesting values. 

In conclusion, a set of different energy systems, conventional system with boiler and 

chiller, conventional system in load sharing operational mode, GSHP system, hybrid 

GSHP-FC and hybrid GSHP-PVT, were modelled and analyzed in TRNSYS simulation 

 
Case 1 Case 2 Case 3 Case 4 Case 5 

Investments cost [€] 32,355 23,637 50,648 57,348 105,466 

Additional cost [€] - -8,719 18,293 24,993 73,111 

Operational cost [€] 7,007 5,683 5,295 5,048 3,057 

Operational cost reduction [€] - 1,324 1,712 1,959 3,950 

SPB [years] - - 10.7 12.7 18.5 
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environment. 3-E analysis was performed in order to evaluate the energy, 

environmental and economic performance of the studied systems. This analysis 

highlights the validity of the load sharing approach, as it allows an improvement of the 

systems’ performance due to improved equipment efficiency and load factor operation. 

The economic analysis shows that this approach could reduce the investment cost due 

to the installation of one less expensive centralized system with respect to different 

systems (two in this case). Moreover the cost for the construction of thermal micro-grid 

could offset this effect, especially if the dimension of the thermal micro-grid grows. The 

introduction of a GSHP system ensured a PES equal to 8.4% in respect to the reference 

case. Without economic incentive the SPB is equal to 10.7 years, but this value could be 

reduced through support mechanisms. The hybrid micro-cogeneration systems showed 

good improvements both in terms of energy and environmental performance. In 

particular the GSHP-FC allows a PES of 12.8%, a ΔCO2eq equal to 15.8% and a reduction of 

operational costs (28%). The hybrid GSHP-PVT obtained the best performance in relation 

to the other cases, with a PES equal to 53.1%, a ΔCO2eq equal to 52.0% and a reduction of 

operational cost equal to 56.4%. The SPB is equal to 12.7 years in case 4 and 18.5 years 

in case 5, however in this case this value could be improved by means of an economics 

incentive and price reductions on equipment resulting from economy of scale and 

market expansion of these technologies. In future work, the introduction of hybrid 

micro-cogeneration systems which serve a greater group of different users will be 

evaluated so as to investigate the advantages of these systems in a micro-grid set up 

with multiple end users. Further improvement could be achieved by developing 

predictive control strategy to optimize the hybrid systems performance under variety of 

conditions and applications.  
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CHAPTER 3: Energy planning by means Urban Energy 

Maps: CCHP for small urban districts 

This chapter shows a methodology and its application aimed for optimizing both energy 

generation and use in urban areas. The study has been applied to the Historical centre of 

Benevento, an Italian southern city. A geo-referenced energy model of the ancient town 

is showed, allowing evaluation of energy demands for both heating and cooling, with 

reference to each building. In addition, also the electric demands of buildings have been 

quantified, carefully considering the various energy uses, as well as the necessary 

installed power.  

A Geographic Information System (GIS) techniques have been applied for geo-

referencing the energy necessities, then permitting the definition of Urban Energy Maps 

(UEMs). UEMs have been used for evaluating present criticalities, and thus in order to 

design possible urban retrofits, as installation of combined cooling, heat and power 

systems (CCHP), in order to satisfy the various energy demands. Finally, the entire 

procedure, in terms of coupled information referred to thermal, cooling and electric load 

profiles, allows a more rational energy use, cost optimization and reduction of polluting 

emissions. The presented methodology can be easy implemented and repeated, and 

could be adopted as new tool for proper energy planning. 

Therefore, with reference to an Italian historical city centre (i.e., most buildings are 

protected as Cultural Goods), high-efficiency cogeneration systems are proposed for 

improving the energy uses, by coupling Combined Heat and Power (CHP) to district 

heating, cooling and energy nets. These intentions are presently supported by European 

Institutions, that promote the building connection to grid system for electricity, when 

produced by high-efficiency cogeneration, especially with reference to small scale and 

micro-cogeneration units [106][107]. 

More in deep, the aim of this chapter is to develop and apply a geo-referenced model 

suitable in order to:  

• estimate the energy demand of the existing building stock,  

• explore energy and environmental effects of particular energy efficiency 

measures, 
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• identify benefits derived by "CHP-based" district heating and cooling 

technologies as well as distributed electric energy generation. 

According to this aim, it is presented a case study regarding the historical centre of 

Benevento, an Italian town located in the Mediterranean area. 

 

3.1 Energy planning of urban districts: methodology 

Geographic Information Systems (GIS) are computer tools suitable for assembling, 

manipulating and displaying a lot of geo-referenced information [108]. Xu and Coors 

[109] propose integration of System Dynamics models and GIS technology: indeed, this 

could be an interpretative method for evaluating future assessment of sustainability 

[109]. In the same directions, various other studies [110] [111] recur to GIS for collecting 

and improving the building energy performances of entire urban areas.  

This study couples potentiality of GIS and a new model for evaluating energy 

performances of buildings. The aim is the development of a tool for investigating 

efficient energy measures, in order to reduce urban energy consumption and polluting 

emissions. In particular, the proposed methodology joins investigations of single 

buildings and statistical data, for creating large database of building energy 

performances, with reference to entire city districts. The searched outcome, suitable for 

a comprehensive view of the city energy performances, are the so-called "urban-energy 

maps" (i.e. "UEM", in the following) [112]. In particular, these thematic maps could assist 

planners and stakeholders in identifying social, environmental and economic effects of 

energy improving measures, by considering, at the same time, also efficiency and 

refurbishing possibilities for the energy generation and distribution. The data insert in 

the geo-referenced model, can be easily updated and improved. It isn’t difficult 

integrate the created database with other information as, for instance, the energy 

labeling of buildings, or data obtained by energy distributors and inserted directly by 

citizens in a web platform. 

The proposed study will be divided into three main steps: 1) creation of a global 

database of energy performances of buildings, 2) definition of urban energy maps and 

analysis of possible energy efficiency measures, 3) planning and evaluation of district 
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heating, cooling and electrical nets based on Combined Cooling, Heating and Power 

(CCHP) generation systems. The logic of the approach is shown in Figure 3. 1. 

 

 

Figure 3. 1. Flowchart of the proposed methodology 

 

3.2 Evaluations of building energy performances  

The first step requires two main activities: a) buildings' energy audit, b) determination of 

energy requests and validation of results' reliability. These will be described in the next 

rows. 

With reference to each building, direct census and surveys [88] provided input data for 

the energy calculations. In addition, further information has been derived by statistical 

evaluations, already discussed in [40]. The European standard EN 13790 [113], as well as 

the Italian version UNI TS 11300 [114] [115], evaluates the primary energy demand for 

the building heating (i.e., iEP kWh/m2) as the "energy need ( ndHE , ) " to "seasonal energy 

efficiency of the heating system (ηsys)" and "overall floor area (ST)" ratio. Equation 3.1 

summarizes the method. 
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TsysndHi SEEP ⋅= η,                                                                                                                 (3.1) 

 

In particular: 

 

( ) ( )endsolgnHveHtrHndH EEEEE +⋅−+= ,,,, η                                                                  (3.2) 

 

where trHE ,  and veHE , are respectively heat losses due to energy transmission and 

ventilation, gnH ,η  is the utilization factor of free-gains: endE  (i.e., endogenous gains) and 

solE  (solar free-gains). With reference to each term, [40] shows the entire calculation 

procedure, by evaluating, with reference to the case study here presented, a reliable 

average value of seasonal energy efficiency ratio of heating systems equal to around 

0.75. 

Diversely, in regards to the summer cooling, the energy performance index ( envelopeeEP, , 

kWh/m2) of buildings can be calculated by means of a simplified approach. This method 

is fully described in [40]. It is based on solution of equation 3, where the cooling load (

CL ), at the summer peak, is determined. 

 

veCendCsolCgrCCwCtrCC LLLLLLL ,,,,,, ++++⋅






 += γ                                                      (3.3) 

 

Starting from CL , this has been multiplied for the length of the cooling season, and then 

corrected in order to evaluate, by means of a semi steady-state approach, the cooling 

energy need for the entire cooling periods ( ndCE ,  in equation 3.4), by considering the 

mean monthly solar radiation and monthly-averaged air temperatures. 

It should be pointed that, in the evaluation of the seasonal energy demand for the 

building cooling, by means of wide regression studies, they estimated that the solar 

radiation affects the cooling loads for around the 80%, while the remaining 20% is due to 

the outdoor air temperatures. 
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With the aim to identify the reduction of cooling need due to shading effects induced by 

other buildings and surrounding, the most common situations in the historical center of 

Benevento have been investigated. Several different percentage reductions (ΔR) have 

been identified, depending on the street width, the building height, the number of 

surrounding constructions. At the end, knowing ndCE , and by using ΔR, the energy 

performance index for the summer cooling was calculated according to equation 3.4. 

 

TndCenveloee SREEP ∆⋅= ,,                                                                                                       (3.4) 

 

Table 3.1 – referred to the entire physical methodology proposed in [40]- shows the 

input parameters and their sources with reference to the proposed equations. 

 

Table 3.1. Input parameters and relative sources. 

Heating demand 

 Equation parameters Sources 

Equation 1 

Overall seasonal energy efficiency of the 
heating systems 

UNI/TS 11300-2 [115] 

Total floor area Calculated 

Equation 2 

Basement thermal transmittance 
Crossing “Construction period” and 
[111] 

Building type Audit data 

Construction period Audit data 

Endogenous gains 
Crossing “Kind of use” and data by 
[114] 

Heating need UNI/TS 11300-1 [114] 

Heat losses due to transmission UNI/TS 11300-1 [114] 

Heat losses due to ventilation UNI/TS 11300-1 [114] 

Heated/cooled volume Calculated 

Kind of use Audit data 

Lateral surface  Calculated 

Liveableness Audit data 

Number of floors Audit data 

Perimeter 
Calculated (average polygonal 
geometry) 

Solar free-gains UNI/TS 11300-1 [114] 

Solar factor of window glass 
0.75 for a normal double glazing 
[114] 

Solar Irradiation UNI 10349 [116] 

Surface area of the building Istat data [117] 

Surface of glazed components Estimated 12% of the vertical walls 
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Surfaces' orientation Derived from the cartographies 

Utilization factor Estimated: 0.80 

Utilization factor of free-gains UNI/TS 11300-1 [114] 

Wall thermal transmittance 
Crossing “Construction period” and 
[111] 

Window thermal transmittance  
Crossing “Construction period” and 
[111] 

Cooling demand 

 Equation parameters Sources 

Equation 3 
 

Equivalent temperature difference Derived [118] 

External temperature Assumed 32°C UNI 10339 [119] 

Ground’s temperature Assumed: 13°C [116] 

Internal temperature  Assumed 26°C [114] 

Seasonal mean temperature UNI 10349 [116] 

Seasonal mean solar radiation UNI 10349 [116] 

Seasonal peak temperature UNI 10349 [116] 

Seasonal peak solar radiation UNI 10349 [116] 

Thermal bridges factor Estimated: 15% 

Type of solar shadings Audit data 

Equation 4 Percentage Reduction 
Estimated using dynamic energy 
simulation [120] 

 

 

The energy need for the summer cooling has been calculated for the each building of the 

city center. The obtained outcomes have been compared, for some reference buildings, 

to those derived by accurate simulations by EnergyPlus [120] (Table 3.2) and by 

experimental data from energy billings, when available [121].  

Table 3.3 shows the percentage differences for five buildings, interested by long 

monitoring and analyses of energy billings of previous years [40]. All comparisons show 

very satisfactory accordance. Indeed, the gap between the proposed methodology and 

the reference ones is always lower than 10%. 

 
Table 3.2. Comparison with simulation results 

Building 
Percentage Gap 

EPi EPe,envelope 

Bosco Lucarelli ≈ 4% ≈ 8% 

Y_70 building ≈ 6% ≈ 10% 

Y_2010 building ≈ 10% ≈ 7% 

 
 

Table 3.3. Comparison with the energy bills 
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Building 
Percentage Gap 

EPi EPe,envelope 

R-cost ≈ 7% ≈ 7% 

Bosco Lucarelli ≈ 6% ≈ 7% 

Giannone ≈ 8% ≈ 9% 

Ex-Inps ≈ 5% ≈ 10% 

 

Obviously, the methodology has been thought for large investigations. Diversely, with 

reference to single analyses, referred to specific buildings, energy audits characterized 

by higher reliability should be adopted [122][123], by considering, for instance, also the 

incidence of thermal bridges, that could significantly affect the energy demand of 

buildings [124][125]. 

 

3.3 Urban energy maps 

The thematic information on individual buildings, relative to the energy requests for the 

winter heating and summer cooling, have been then connected to the geo-referenced 

territorial support, by using a digital cartographic map of the ancient center of 

Benevento. 

Figure 3.2 shows the maps of primary energy demand for the space heating ( iEP) (Figure 

3.2a) and energy performance index for the summer cooling ( envelopeeEP, ) (Figure 3.2b). 

These maps provide information useful for feasibility studies aimed to test potential 

energy saving derivable by energy-retrofit measures. Definitively, the procedure is 

aimed to identify proper strategies and priorities. 

Furthermore, combined information about thermal, cooling and electric load profiles of 

whole city areas could be also the starting point for design and optimize hybrid 

generation systems, for instance by integration of renewable energy sources or by 

means design of energy generation systems at "district scale". 

About it, the next section introduces the investigation about installation of CCHP system, 

designed for satisfying the overall energy demands of a city block, by means of proper 

heating, cooling and electrical energy nets. 
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Figure 3.2. Urban Energy Map of the Benevento: Heating (a) and cooling (b) periods' 
performances. 

 

The first steps of the analysis process are: a) the individuation of energy demand 

distribution and identification of suitable areas, b) calculation of seasonal energy 

demands and daily distribution of loads, with reference to each building and then for the 

entire chosen urban area. 

With reference to the estimation of heating, cooling and electrical loads in buildings, 

various approaches are possible, based on statistical regression analysis, intelligent 

computer systems and energy simulation. In this chapter, the load profiles have been 

estimated by means of regression analyses, starting from the calculated energy 

requirements. Diversely, the electricity load distribution has been derived by typological 

values based on the building use. 

According to the aim of the study - and thus the underlining of UEMs' capabilities in 

order to improve the territorial energy efficiency - the design of thermal and electric 

micro-grids that connect two urban cadastral sections (Figure 3.3) is described in the 

following sections. 

The shown areas have been chosen because their buildings are characterized by well-

combinable load profiles, as shown by UEMs. The main information about each building 

is reported in Table 3.4.  
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Figure 3.3. Allocation of thermal power plant and extension of thermal micro-grid. 

 

Table 3.4. Main building information. 

Building Kind of use ST [m
2] 

17 University - Office 1700 

101 Office 1226 

105 
Bar - Restaurant 345 

Residential 690 

106 Residential 802 

107 
Shop 166 

Residential 498 

108 
Shop 393 

Residential 786 

109 Cinema 2210 

110 

Shop 175 

Office 150 

Residential 519 

124 Office 1396 

125 Residential 1506 

126 Residential 434 

444 

Bar 293 

Shop 586 

University - Office 1762 

480 
Shop 508 

Residential 766 

481 Office 3884 

 

The monthly heating and cooling load profiles are diversified for weekdays, weekends 

and holidays. Moreover, also the electric loads and needs are diversified for winter and 

summer days. Figure 3.4 shows the cumulative load profiles for a typical working day. 
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Figure 3.4. Example of cumulative load profile for a type day. 

 

 

3.4 The polygeneration equipment  

Thermal and electric micro-grids connect all buildings to a centralized polygeneration 

system, designed in order to meet the electric, heating and cooling loads. More in detail, 

the thermal micro-grid is a radial network, with pipes sized in order to operate during 

both heating and cooling periods. The diameters of ducts have been carefully sized once 

known the maximum power to be supplied, by ensuring velocities of fluid in the typical 

range 1.0 ÷ 2.5 m/s. The overall heat loss coefficient of the thermal micro-grid is equal to 

0.7 W/m2K [71]. During the heating period, the supply temperature of the fluid inside 

the plant loop is 80°C, with a loop difference temperature equal to 10 °C. 

In summer time, the supply temperature is 7 °C, with a temperature difference - 

between return and supply - equal to 5 °C in rated conditions. The hot water generation 

system is a CHP plant with an integrative gas-fired hot water boiler. The technology of 

CHP is quite common, based on the internal combustion engine fired by natural gas. The 

CHP has a rated power equal to 400 kW, with an electrical efficiency around 0.38. The 

rated efficiency of the integrative boiler is 0.90. 

In the heating period, the CHP system provides thermal energy in order to meet the 

heating loads of users. Diversely, in summer, the CHP equipment is coupled to a single-

stage absorption heat pump (AHP), in order to provide cold water for the space cooling, 

by increasing the number of operation hours per year of the CHP. In order to satisfy the 

peak loads during the cooling period, the CCHP plant is integrated by:  
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a) an electric heat pump (EHP), (nominal capacity of the cooling equipment are 600 

kW and 300 kW for the EHP and AHP respectively);  

b) to an AHP powered by a boiler (total cooling capacity of the AHP is equal to 900 

kW).  

Indeed, in order to optimize the entire system, both these solutions have been analyzed.  

In particular, energy and environmental implications of tri-generation systems has been 

analyzed as in [3] [52]. Also in this case, the energy consumption for pumping fluid in the 

micro-grid has been neglected. 

Figure 3 shows location of the thermal plant (indicated with A) and the extension of the 

thermal micro-grid. Table 3.5 shows the physical characteristics of the micro-grid.  

 

Table 3.5. Physical characteristics of the thermal micro-grid. 

Stretch AO AB BC CD DE EF FG GH HI IL IM MN 

Length [m] 14 89 36 16 13 18 20 16 21 47 20 64 

Diameter [m] 0.05 0.16 0.16 0.16 0.12 0.12 0.10 0.10 0.10 0.05 0.10 0.07 
 

 

The performances of the proposed system with respect to the traditional one are 

evaluated by means energy, economic and environmental analysis. More detailed 

information about this simplified approach and the parameters used in order to evaluate 

the different index are reported in section 1.3. 

In addition to the information reported in section 1.3, this study assumes the following 

hypotheses, for both alternative and conventional systems: 

• EHP: the seasonal energy efficiency ratio of the electric heat pump is equal to 

3.0; 

• the investment cost are evaluated according to [126]. 

With reference to the Alternative System (AS), this has been modelled by means of 

TRNSYS [42]. In particular, the modelling of the behaviours of the internal combustion 

engine, at part load conditions, adopts the performance curves inferred by ASHRAE 

Handbook [127] for common CHP systems based on combustion engine technology. 

More in detail, a set of equations is used for calculating thermal output, electric power 

and efficiencies when the operating conditions are different from the rated ones. 
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The following equations 3.5-3.9 allow calculation of distributions of primary energy input 

to the internal combustion engine (ECHP), depending on various contributions:  

• thermal energy to exhaust gases ( gas
thE ) (eq. 3.5); 

• thermal energy to jacket water ( water
thE ) (eq. 3.6); 

• thermal energy to environment ( radiation
thE ) (eq. 3.7);  

• thermal energy to lubrication oil ( oil
thE ) (eq. 3.8);   

• electric efficiency (ηel) - depending on PLR (eq. 3.9). 

Moreover, equation 3.10 provides the ratio between the exhaust gas flow rate at part 

load conditions ( gas
PLRm& ) and its nominal value ( gas

nomm& ). Equation 3.10 is valid for PLR 

greater than 0.20. 

 

              320101731066410212 32537    .PLR + . - PLR.+ PLR.-EPE CHP gas
th ⋅⋅⋅⋅⋅⋅= −−−          (3.5) 

               410101571088810763 32537   .PLR + . PLR.+ PLR.-EPE CHPwater
th ⋅⋅−⋅⋅⋅⋅= −−−          (3.6) 

          160105611022210887 32538    .PLR + . - PLR.+ PLR.-EPE CHPradiation
th ⋅⋅⋅⋅⋅⋅= −−−            (3.7) 

            120103031023410811 32537      .PLR + . - PLR.+ PLR.-EPE CHPoil
th ⋅⋅⋅⋅⋅⋅= −−−              (3.8) 

 10681108921031210277 2243649 PLR  .  PLR. - PLR.PLR.ηel ⋅⋅+⋅⋅⋅⋅+⋅⋅−= −−−−                    (3.9) 

   2101056410313 325 .PLR + .  PLR. mm gas
nom

gas
PLR ⋅⋅+⋅⋅= −−

&&                                                           (3.10) 

 

Figure 3.5 shows a scheme of the CHP thermal circuit [128]. The hot water used for the 

district heating (and as source for the AHP in summer time) is warmed by the heat 

exchange with the lubrication oil, the jacket water of the engine and its exhaust gas. 

An efficiency of 0.80 for the exhaust gas heat exchanger has been considered, while the 

thermal energy of lubrication oil and jacket water is completely transferred to the 

district heating loop. The model of the CHP has been implemented by coupling a macro 

in Excel [129] and TRNSYS ("type 62", [42]). This allows also an accurate control. The 

admitted PLR for the CHP is in the range 0.2 ÷ 1.0. 
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Figure 3.5. CHP thermal circuit. 

 

The following inputs have been used: a) water mass flow rate, b) initial water 

temperature, c) set-point water temperature at the outlet of the CHP, d) ambient 

temperature. The output water temperature is calculated through mass and energy 

balances. The model determines, through iterative thermodynamic balances, the PLR of 

the internal combustion engine, in order to match the thermal load at the specific 

simulation time step. The auxiliary hot water boiler is automatically activated when the 

outlet water temperature is lower than the calculated desired value.  

The hot water boiler has been simulated by means of the "type 6" of TRNSYS. 

Furthermore, the thermal micro-grid used the "type 31" [42]; in particular, this simulates 

the thermal behaviour of fluid flow in a pipe, through variable size segments. The mean 

exit temperature of fluid is calculated as the weighted average of temperatures of the 

segments that leave the pipe. 

The connection of individual users to the micro-grid is modelled through the "type 649”, 

which simulates a mixing valve through mass and energy balances. With reference to the 

climate conditions, an hourly weather file for Benevento has been created by means of 

the "Meteonorm" software [44]. In order to model the soil temperature, "type 77" has 

been used [42].  

In TRNSYS, the heating and cooling loads, calculated according to the methods proposed 

in the sections 2 and 3, have been recalled through ".txt" external files. 
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Moreover, the absorption heat pump has been modelled by means of typical 

performance curves for single-stage AHP, implemented in TRNSYS by means of the "type 

581" [43], that provides the coefficient of performance of the heat pump as function of 

the temperatures at the generator and those at the cooling tower (this last has been 

modelled by means of the "type 51"). In order to calculate the properties of moist air, 

"type 33" was used [42]. Similarly, the EHP was modelled through performance curves 

that provide the coefficient of performance of EHP as function of ambient air 

temperature, water temperature at the outlet of evaporator, part load ratio at the 

specific simulation time-step. 

 

3.5 Discussion and results 

The CHP has been sized in order to guarantee the thermal energy required to the users (

users
thE ) and a suitable number of operating hours. The system is managed according to 

the heat-led control mode. Therefore, if the electricity converted by the CHP ( CHP
elE ) is 

higher than that required by the buildings ( users
thE ), the exceeding amount is sold to the 

electrical grid ( out
elE ). Diversely, if the electricity demand is higher compared to the 

supplied by the CHP, a purchasing from the urban electric grid ( in
elE ) is established. 

When the thermal energy converted by the CHP ( CHP
thE ) is lower than the required, the 

difference is demanded to the peak boiler ( b
thE ). The primary energy in input to CHP is 

indicated with CHPE . The annual simulation considers three periods: 

• heating period; 

• intermediate period; 

• cooling period. 

All outcomes are reported in Table 3.6. During the heating season, the CHP operation is 

around 2'076 h. The energy losses through the thermal micro-grid ( lossgrid
thE _ ) are equal 

to the 3.2% of the thermal energy delivered by the grid. In this period, compared to the 

conventional system, the primary energy saving (PES) is equal to 27.6%, while the 

corresponding reduction of CO2 emission (ΔCO2) is equal to 38.1%. 
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Table 3.6. Simulation results 

 
Heating 
period 

Cooling 
period 

Total 

OH CHP [h] 2'076 1'235 3'311 
users
thE  [MWh] 1'288.9 - 1'288.9 

lossgrid
thE _  [MWh] 42.8 - 42.8 

CHP
thE  [MWh] 797.6 441.6 1'239.2 

b
thE [MWh] 534.1 181.7 (1) 

716.8(1) 
534.1(2) 

users
elE  [MWh] 320.4 127.4 660.9 

CHP

elE  [MWh] 751.7 400.3 1'157.9 

in
elE  [MWh] 52.7 

55.4(1) 
59.8(2) 

321.2(1) 
325.6(2) 

out
elE  [MWh] 484.1 

324.6(1) 
295.9(2) 

808.6(1) 
780.0(2) 

CHPPE  [MWh] 1'983.3 1'075.1 3'058.4 
users
CE  [MWh] - 486.5 486.5 

loss_grid
CE  [MWh] - 9.3 9.3 

AHP
CE (1) [MWh] - 495.7 495.7 
AHP
CE (2) [MWh] - 323.4 323.4 
EHP
CE (2) [MWh] - 172.8 172.8 
tower
elE (1) [MWh] - 3.8 3.8 
tower
elE (2) [MWh] - 2.1 2.1 

PES (1) [%] 27.6 4.9 18.8 

ΔCO2 
(1) [%] 38.1 30.0 30.3 

PES (2) [%] 27.6 10.6 20.0 

ΔCO2 
(2) [%] 38.1 42.5 33.0 

  

In the mid-season period, heating and cooling demands do not occur and only electrical 

energy is required (i.e., 213.1 MWhel). Obviously, the CHP is turned off.  

With reference to the cooling period, two different plants have been considered, as 

before already cited. In the first one, marked with the superscript (1) in the Table 3.6, 

the required cooling energy ( users
CE ) is provided by an AHP ( AHP

CE ) fired by the CHP and 

by the peak boiler if necessary. In the second system, marked with the superscript (2) in 

the Table 3.6, the integration to the chilled water provided by the AHP is achieved by 

using a traditional EHP ( EHP
CE ). In both scenarios, the fan energy consumption for the 

cooling tower ( tower
elE ) has been considered. 

Compared to the conventional system, the following outcomes have been obtained 

(cooling period): 
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• Alternative System (1). The PES is equal to 4.9% while a reduction of CO2 

emission is around 30.0%.  

• Alternative System (2). The use of EHP in order to integrate the AHP induces a 

positive value of PES (10.6%). The reduction of CO2 emission is around 42.5%, 

compared to the CS. 

The low value of primary energy saving for the first considered alternative system is due 

to the use of a boiler to feed a single stage AHP.  

For both Alternative Systems considered, the CHP operation hours (OHCHP) are equal to 

1235 h during the cooling season. The energy losses of the district cooling micro-grid (

lossgrid
CE _ ) are around 1.9% of the cooling energy delivered to the buildings.  

All told, with reference to the entire year, the CHP operating hours are 3311 and the PES 

indexes are respectively around 18.8% for the Alternative System (1) and 20.0% for the 

AS (2). As regard the economic analysis the SPB index is evaluated. The analysis 

highlighted a SPB equal to 9.7 and 11.9 years for the alternative system (1) and (2) 

respectively. Should be pointed that the economic analysis does not take in account the 

possible reduction of the natural gas and additional electricity costs due to volume 

discounts. 

Moreover, with reference to the AS (1), within a further study the CHP nominal capacity 

has been increased, in order to improve the energy performance of AS during the 

cooling season. Figure 3.6 shows the new simulation results, where the blue and red 

lines represent respectively the PES for the heating and cooling period and the black line 

refers to the annual simulation. This new configuration of CHP provides good energy 

performances during the cooling period, but the operating hours of CHP are lowered.  

Therefore, the optimal solution is the use of an EHP in order to integrate the cooling 

energy, during the peak requests, in summer. Indeed, this configuration allows a long 

use of CHP (i.e., more than 3000 hours/year).  

Future developments will combine the cogeneration system with suitable thermal 

storage devices. Indeed, this could allow the use of CHP in full-load conditions for longer 

periods, and it would induce better energy performances.  
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Figure 3.6. Outcomes derived by the increment of CHP system capacity. 

 

In conclusion, with reference to an entire urban area, this chapter describes a 

methodology and its application for improving the building energy use and supply. 

A Geographic Information System has been used for creating a global database of 

buildings' energy performance of the entire city centre of Benevento. In particular, asset 

energy ratings have been applied for the evaluation of the energy demand for the space 

heating of buildings, and a new calculation procedures, developed by the authors and 

fully described in previous studies, allowed predictions of the energy requests for the 

summer cooling. The methods have been applied to more than 500 buildings and the 

validation tests, by means of accurate dynamic energy simulations and experimental 

measures of energy, provided satisfactory comparisons. 

Once developed suitable "Urban Energy Maps", these have been used as starting point 

for the evaluation of energy saving measures. In particular, urban energy maps can 

orient the territorial management, being a suitable tool for evidencing energy 

criticalities and thus in order to support planners and designers toward a sustainable 

urban development. 

As case-study, the UEMs have been used for identifying combinable city blocks, under 

the point of view of the demanded energy for heating, cooling and electrical uses. By 

applying this methodology, combinable thermal and electrical loads have been identified 

for a city block. Therefore, the installation of a centralised CCHP system has been 



147 
 

proposed and a suitable model of district heating and cooling networks has been 

implemented. Various energy scenarios - on varying the designed alternative systems - 

show energy and environmental benefits. About it, the optimal configuration of CCHP 

and distributed generation allows Primary Energy Saving Index (PES) around 20%, 

reduction of CO2 emissions higher than 33% and a SPB index lessen then 10 years. 
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CONCLUSION 

This thesis work has dealt with polygeneration, the combined production of more than 

one energy vectors from a single primary energy source, in residential and tertiary 

sectors. In particular the thesis focuses on micro or small polygeneration systems that 

are placed immediately at the consumer’s site. This concept, often referred as 

distributed polygeneration, differs from the dominant architecture of the current 

electricity system based on large scale centralized power generation. Compared to the 

separate production, polygeneration leads to primary energy saving and greenhouse gas 

benefits. However, in order to ensure a high market penetration of these promising 

technologies in residential and tertiary sector, it is essential to deal with some issues, 

such as the high investment payback period and the potential negative effects on the 

electricity network related to a large diffusion of DG.  

In order to overcome this issues different possible solution were investigated: 

• Load sharing approach, which consists in the introduction of a small electric and 

thermal micro-grid allowing the sharing of electric, thermal and cooling loads 

among a group of diversified end users (residential, commercial, tertiary, etc.). 

• Virtual Power Plant, which consists of a number of geographically distributed 

power generation units that are managed by an ESCo with a centralized control 

system.  

• Increase the share of self-consumed electricity “produced” by the MCHP. Two 

different strategies are analyzed in order to achieve this goal. The first consists in 

the careful selection of the user in which the MCHP system is installed, while the 

second relies on the interaction between the EVs charging and an MCHP system. 

• Hybrid energy system, which combine two or more energy conversion devices, 

that when integrated, overcome limitations inherent in either. 

• The use of Urban Energy Maps (UEMs) to locate an urban area suitable for the 

introduction of a polygeneration system.  

All this solutions are investigated by means experimental and simulative approach. In 

particular, experimental and literature data were used in order to calibrate and validate 

the mathematical models of the system components. Once all the models were 
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calibrated and validated the energy, environmental and economic performances were 

evaluated by means dynamic simulation using TRNSYS software.  

In chapter 1 a micro-cogeneration system that consists of an MCHP (electrical capacity 

of 6 kW), a TES and a peak boiler was analyzed in different climatic condition and serving 

different type of users. The analysis showed how the combined production of heat and 

electricity allow obtaining a primary energy saving and a CO2eq emission reduction up to 

23.3% and 28.0% respectively.  

Moreover, the findings of this chapter highlighted the advantages of the load sharing 

approach, which sharing the load among different types of final users (different load 

profiles) allow increasing the operating hours of the MCHP system and consequently 

improve the economic performance. This aspect is more obvious in moderate climatic 

conditions, like Italian ones, typically characterized by few operating hours of heating 

system, where the load sharing approach can represent a key factor for the diffusion of 

MCHP systems. 

The load sharing approach was evaluated also in case of the introduction of an Energy 

Service Company (ESCo), which managing a large number of systems distributed on the 

territory, could obtain a purchase price of natural gas and electricity lower than that 

applied to individual customers (section 1.4). In the analyzed case (section 1.4) the cost 

reduction of energy vectors was assumed equal to 20% with respect to the traditional 

system. This aspect leads to a good reduction of the investment payback period, which 

in the better case (users located in Milano and considering an economic support 

mechanism which can provide up to the 40% of the investment cost) reach interesting 

value (about 7 years). 

In section 1.5, the installation of MCHP systems in buildings with low thermal energy 

demand with respect to the current building stock was investigated. A load sharing 

approach between a multifamily residential building and an office one was considered. 

The study showed that the introduction of a micro-grid between different users can help 

to have thermal and electric load profiles suitable for the MCHP application. Moreover 

the installation of an MCHP system in building with high level of thermal isolation allows 

to increase the percentage of self-consumed electricity (up to 90%) reducing the 

bidirectional electricity flow between the users and the network. This aspect leads to a 
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reduction of the impacts related to a large diffusion of distributed generation systems 

on the network and to economic advantages. In fact a sensitivity analysis with respect to 

the share of self-consumed electricity showed the influence of this parameter on the 

SPB, which is about 6 years in the better case. 

In section 1.6 the interaction among the MCHP system, the EV charging and typical 

semidetached house was investigated considering two charging strategies (normal and 

optimized) and different daily driving distances (0÷120 km/day). In the normal charging 

strategy, charging occurs when the EV is parked at home until the full charge is reached, 

while in the optimized one charging is related to the MCHP operations in order to 

maximize the amount of self-consumed electricity.  

Coupling EV charging with an MCHP system allows reducing the amount of “produced” 

electricity exported to the network with positive effects on the economic analysis and 

reducing the impact of large diffusion of EVs on the electric grid. The latter point is also 

due to the shift of electricity peaks on the network in periods of low electricity demand 

(i.e. during the night time).  

The simulation results showed that increasing the average daily driving distance of the 

EV, the amount of self-consumed electricity can be increased, and consequently the 

operating costs decrease. Similar results could be achieved increasing the number of EVs 

and considering a particular charging strategy that avoids the simultaneous EVs 

charging.  

The interaction between these two technologies involves a good reduction of the 

operating cost with respect to the reference system. In fact with the maximum value of 

the daily driving distance (120 kilometers), the increase of the operational cost reduction 

is equal to 61.9% for Torino and 78.3% for Napoli with respect to the base case (without 

EV) and considering a normal charging strategy. The introduction of the optimized 

charging strategy allows increasing the ΔOC, which becomes equal to 79.8% and 90.4% 

in Torino and Napoli, respectively.  

In chapter 2, the advantages of the load sharing approach were evaluated in case of 

hybrid energy systems. In order to meet the energy requirements of two buildings (a 

residential and an office) in load sharing approach, five system configurations were 

defined. The first one consists of a conventional case with one boiler and one chiller for 



151 
 

each building (reference case), while the second represents a conventional case with a 

common boiler and chiller in load sharing approach. Once the advantages of load 

sharing approach were demonstrated, the performances of two different hybrid systems 

in load sharing scenario were investigated. The first hybrid system consists of a fuel cell 

based micro-cogenerator and a GSHP, while the second is based on PVT collectors, 

which represent a renewable cogeneration system, and a GSHP. The performances of 

these two hybrid micro-cogeneration systems were also compared to a stand-alone 

GSHP system.  

The hybrid micro-cogeneration systems showed good improvements both in terms of 

energy and environmental performance. The GSHP-FC system showed a PES of 12.8%, a 

ΔCO2eq equal to 15.8%, with an operating cost reduction equal to 28%. The hybrid micro-

cogeneration system based on GSHP-PVT, using renewable energy source, obtained a 

PES equal to 53.1%, a ΔCO2eq equal to 52.0% and a reduction of operational cost equal to 

56.4%. Therefore, using renewable hybrid micro-cogeneration system is possible to 

improve the energy and environment performance of an MCHP system. The SPB were 

equal to 12.7 and 18.5 years respectively for GSHP-FC and GSHP-PVT system. The high 

payback period were due to the immature market share of this technologies, therefore 

the SPB value could be improved through economics incentive or price reductions on 

equipment resulting from economy of scale and market expansion of these 

technologies. 

Chapter 3 started with a description of the methodologies used to create a global 

database of buildings' energy performance of the historical centre of Benevento. 

Subsequently, the UEM were used in order to detect an urban area suitable for the 

installation of a distributed polygeneration system. A trigeneration system and a district 

heating and cooling network able to meet the energy requirements of a cluster of users 

was designed. The trigeneration system is based on an internal combustion engine fired 

by natural gas characterized by a rated power equal to 400 kWel. In cooling period the 

thermal energy of the CHP was used to feed an absorption heat pump. In order to satisfy 

the peak loads during the cooling period, two different configurations, to integrate the 

CCHP, are analyzed. The first consists in the installation of an electric heat pump while in 

the second an AHP is powered by a boiler. The simulation results showed as the first 
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configuration has better energy, environmental and economic performances. For this 

system configuration the PES was equal to 20% while the ΔCO2 was equal to 33%. The 

economic analysis showed a SPB equal to 9.7 years, without take in account the possible 

reduction of the natural gas and electricity costs due to volume discounts. A sensitivity 

analysis with respect to the size of the prime mover highlighted as with increasing size 

the energy and environmental performance increase, while the operating hours and 

consequently the economic performance decrease.  

In conclusion the findings of this thesis confirmed the energy and environmental 

advantages related to the diffusion of distributed polygeneration systems. In addition to 

these advantages, already shown in scientific literature, this work identified different 

solutions in order to overcome the main disadvantages of this promising technology. 

The load sharing approach, the introduction of VPP managed by an ESCo, the integration 

of EV charging with an MCHP, the careful selection of the end users in which the MCHP 

system is installed, the introduction of hybrid MCHP system, the use of UEM in energy 

planning problems, are promising solutions that can concur to the overcame the main 

issues that hinder the diffusion of distributed polygeneration system. Even though the 

findings of this thesis are encouraging, it is essential to reduce the installation costs of 

micro-polygeneration equipment in order to obtain economic results such as to ensure a 

high penetration of distributed polygeneration system. This result could be achieved 

thanks to a high market penetration of these technologies that in an early stage could be 

driven by economic support mechanisms. 
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Nomenclature  

A Area  [m2] 

a0, b0 Regression parameters  [-] 

a1, b1 Regression parameters [W-1] 

a2, b2 Regression parameters [l-1 min] 

a3, b3 Regression parameters [°C-1] 

a4, b4 Regression parameters [W-2] 

a5, b5 Regression parameters [l-2 min2] 

a6, b6 Regression parameters [°C-2] 

a7, b7 Regression parameters [°C-1 l-1 min] 

ABE Average Absolute Error [°C] 

AE Average Error [°C] 

C cost [€] 

C1 Coefficient of equation 1.26 [-] 

c Water specific heat or specific cost 
[J/kgK] [€/h] 

[€/Nm3] [€/kWh] 

CEEC Revenue for EEC sale [€] sttcW  Specific value of EEC [€/tep] 

CO2eq Equivalent carbon dioxide emission [kg] 

d0 Outside diameters of heat exchanger tubes  [m] 

E Energy  [MWh] 

u�  Power [kW] 

EPe,invol 
Energy Performance index for the summer 

cooling need period  
[kWh/m2 year] 

EPi 

Energy Performance index for the winter 

period  
[kWh/m2 year] 

fc Conversion factor [tep/kWh] 

Fw FC cooling water flow [l/min] 

g 
total solar energy transmittance (or solar heat 

gain coefficient)  
[-] 

ℎ̂  mean heat transfer coefficient for internal [W/m2K] 
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heat exchanger  

k Water thermal conductivity [W/mk] 

L thermal load  [W] 

LGHX GHX length [m] 

Lnetwork Thermal network length [m] 

LHV Lower Heating Value [kWh/Sm3] 

m mass [kg] 

S�  mass flow rate  

MAE Maximum Absolute Error [°C] 

[MC] Thermal capacity [J/K] 

MRE Mean Relative Error  [%] 

n Exponent of Raylegh number in equation 1.26 [-] 

N Number of measurement [-] 

uN  Nusselt number [-] 

OC Operative Cost [€] 

OH Operation Hours  [h] 

Pel Fuel cell DC power set-point [W] 

Pb Nominal thermal power of boiler [kW] 

Pc Nominal thermal power of chiller [kW] 

PFC Nominal electric power of FC [kW] 

PGSHP Nominal thermal power of GSHP [kW] 

Pnet Electrical power output the MCHP [W] 

PE  Primary Energy      [kWh] 

PER Primary Energy Ratio [-] 

PES Primary Energy Saving     [-] 

PLR Partial Load Ratio  [-] 

qgross Thermal power generation within the engine  [W] 

qgen Thermal power input into the CHP system [W] 

R percentage Reduction  [%] 

Ra Rayleigh number [-] 

RMSE Root Mean Square Error [°C] [W] [Slpm] 
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S Surface  [m2] 

SPVT PVT total surface [m2] 

SPB Simple Pay Back period [year] 

t time [s] 

T Temperature [°C] 

The 

Temperature of the water inside the TES near 

the heat exchanger 
[°C] 

Tw,in Temperature of cooling water entering FC [°C] 

U overall heat transfer coefficient [W/m2K] 

[UA] thermal conductance [W/K] 

VTES TES volume [m3] 

x Control variable [-] 

   

Acronyms   

AHP Absorption Heat Pump  

AS Alternative System  

CCHP Combined Cooling, Heat and Power  

CHP Combined Heat and Power  

CS Conventional System  

DH District Heating  

DHW Domestic Hot Water  

EEC Energy Efficiency Certificates  

EHP Electric Heat Pump  

EMS Energy Management System  

EU European Union  

EV Electric Vehicle  

FC Fuel Cell  

GHX Ground Heat eXchanger   

GIS Geographic Information Systems  

GSHP Ground Source Heat Pump  

HVAC Heating, Ventilation, and Air Conditioning  
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IHE1 Internal Heat Exchanger 1  

IHE2 Internal Heat Exchanger 2  

IHE3 Internal Heat Exchanger 3  

MCCHP Micro Combined Cool Heat and Power  

MCHP Micro Combined Heat and Power  

NA Napoli  

PEMFC Proton Exchange Membrane Fuel Cell  

PVT PhotoVoltaic Thermal   

PS Proposed System  

RIC Reciprocating Internal Combustion  

SOFC Solid Oxide Fuel Cell  

STC Standard Test Conditions  

TES Thermal Energy Storage  

TO Torino  

TS Traditional System  

UEM Urban-Energy Maps  

wd Week-day  

we Week-end day  

   

Greek symbols  

w Experimental constant of eq. 1.27 [-] 

x Experimental constant of eq. 1.27 [°C-1] 

γ thermal bridges factor  

Δ difference  

ΔCO2eq avoided CO2eq emissions [-] 

k∆  de-stratification conductivity [W/mK] 

ΔOC operation cost difference   [€] 

lnT∆  
logarithmic mean temperature difference of 

heat exchanger 
[°C] 

U∆  additional thermal loss coefficient [W/m2K] 

x∆  distance between two nodes [m] 
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ε error [-] 

η energy efficiency [-] 

AC
elη  DC electrical efficiency of FC [-] 

DC
elη  AC electrical efficiency of FC [-] 

   

   

Subscripts 

0  initial time  

1in inlet 1  

1out outlet 1  

2in inlet 2  

2out outlet 2  

AS Alternative System  

b bottom surface  

bn bottom node of the simulation model  

C cooling or cross-sectional  

CS Conventional System  

cw Cooling water  

cw,i Cooling water inlet  

cw,o Cooling water outlet  

dh District heating  

down down in the tank  

el electric  

end endogenous  

eng engine  

env environment  

exp experimental  

f final time  

gn gain  

gr ground   

H heating  
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hx   heat exchanger  

i   generic node or current time step  

main maintenance  

max maximum  

min minimum  

nd need  

ng natural gas  

nom nominal  

oper operation  

p primary  

PLR Partial Load Ratio  

PS Proposed System  

S Surface  

Sl,bn lateral surface of bottom node of the model  

sim simulated  

sol solar  

ss steady-state condition  

storage storage tank  

sys heating system  

T total  

tank storage tank  

tank wall storage tank wall  

th thermal energy  

tr transmission  

TS Traditional System  

up up in the tank   

ve ventilation   

w window  

   

   

Superscripts  
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AHP Absorption Heat Pump  

b or B boiler  

CHP Combined Heat and Power  

EHP Electric Heat Pump  

gas exhaust gas  

grid Electric grid  

grid_loss losses by thermal miro-grid  

in in (purchased to the grid) or inlet to a system  

loss thermal losses  

oil lubrication oil  

out out (sold to the grid (if referred to the electricity)) or outlet   

radiation radiation  

ref reference  

req required  

t time  

tower cooling tower  

users users  

water jacket water  
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