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Abstract: Optimization of energy production systems is a relevant issue that must be 
considered in order to follow the fossil fuels consumption reduction policies and CO2 emission 
regulation. Increasing electricity production from renewable resources (e.g., photovoltaic 
systems and wind farms) is desirable but its unpredictability is a cause of problems for the 
main grid stability. A system with multiple energy sources represents an efficient solution, 
by realizing an interface among renewable energy sources, energy storage systems, and 
conventional power generators. Direct consequences of multi-energy systems are a wider 
energy flexibility and benefits for the electric grid, the purpose of this paper is to propose 
the best technology combination for electricity generation from a mix of renewable energy 
resources to satisfy the electrical needs. The paper identifies the optimal off-grid option 
and compares this with conventional grid extension, through the use of HOMER software. 
The solution obtained shows that a hybrid combination of renewable energy generators at 
an off-grid location can be a cost-effective alternative to grid extension and it is sustainable, 
techno-economically viable, and environmentally sound. The results show how this innovative 
energetic approach can provide a cost reduction in power supply and energy fees of 40% 
and 25%, respectively, and CO2 emission decrease attained around 18%. Furthermore, the 
multi-energy system taken as the case study has been optimized through the utilization of 
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three different type of energy storage (Pb-Ac batteries, flywheels, and micro—Compressed Air 
Energy Storage (C.A.E.S.). 
Keywords: multi-energy system; cost of energy; energy storage 

 

1. Introduction 

With about 1.3 billion people in the world (or about one in five) without access to electricity in 2010, 
the challenge of providing reliable and cost-effective services remains one of the major global 
challenges facing the world in this century. Although grid extension still remains the preferred mode of 
rural electrification [1], extension of the central electricity grid to geographically remote and sparsely 
populated rural areas can either be financially unviable or practically infeasible. Off-grid options can 
be helpful in such cases. Moreover, the efforts in using renewable energies have often focused on 
single technologies. Reliance on a single technology generally results in an over-sizing of the system, 
thereby increasing the initial costs. A hybrid system design can overcome the intermittent nature of 
renewable energy sources (RES), the over-sizing issue and enhance reliability of supply; thus, hybrid 
systems have received limited attention due to their increased complexity and hardly any work has 
considered the issue of reliable supply of electricity. 

Moreover, the actual problems are about the energy saving and the emission of CO2 into the 
atmosphere. For these topics the international community set a deadline to achieve some targets in the 
Kyoto Protocol. The European Union accepted the recommendations established in the agreement and 
it has outlined a strategy in order to achieve three different targets (called 20-20-20) by 2020: the 20% 
reduction of greenhouse gases emissions, the 20% increase of energy production from renewable 
sources, and the 20% increase of energy efficiency [2,3]. The following guidelines have been outlined: 
promoting the electricity distribution grid with generators connected, incentivizing the energy 
production from renewable sources and from combined heat and power systems (CHP) applied in 
residential, service, and commercial sectors, developing the sustainable mobility through the utilization 
of electric vehicles, promoting a rational use of electricity in order to decrease the energy consumption. 
For this reason, it is necessary to study multi-energy or hybrid systems: systems which use two or 
more energy sources, energy converters, or fuels [4] in order to meet the energy demand of a user 
which can be a single building, a group of buildings or a factory. These systems are inherently flexible 
and allow exploitation of the renewable sources in the best way, following thermal and electric 
demands, increasing the reliability of service continuity through the utilization of CHP generators, and 
reducing operation costs. Multi-energy systems play a crucial role in a political context inclined to  
the distributed generation. It is possible to control the power production and energy demand providing 
a valuable contribution to the stabilization of the electric main grid, by including energy storage 
systems and diesel technologies. 

In the literature there are few articles studying the problem of multi-energy systems [5]. The design 
of multi-energy systems is becoming an important topic [6], driven in part by the need to integrate 
distributed energy sources. Effective integration requires the balancing of demand and supply in 
geographic and temporal terms, which can be aided by computational methods. 
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It has been demonstrated that an efficient energy-hub produces a remarkable reduction of costs, 
greenhouse gases emissions and energy saving [7]. The energy-hub is considered as unit where  
the energetic flows are converted, conditioned, and eventually stored [8]; as input it requires an amount 
of energy (electric energy from the grid, natural gas, energy from renewable sources) and it ensures  
the supply for several services, such as: electric and thermal energy, cooling, compressed air, etc.  
The redundant connections that could be established between input and output inside the energy-hub 
have two significant consequences: an increase of reliability of resources supply and the most 
advantageous choice among the various options. Brenna et al. [9] proposed a model that allows 
integration between different independent subsystems, such as final users and high efficiency 
buildings, with CHP in a Sustainable Energy Microsystem (SEM), aimed at the management of the city 
of the future, the smart-city. It is necessary to communicate with a “smart grid” by exchanging 
information and by controlling the energy flows, in order to produce: an increase of energy saving,  
a reduction of pollutant emissions, the possibility of realize stand-alone systems, relieving congestion 
in the electric grid during the peak hours of the day [10]. 

Early examples using the energy hub approach address simple generic hub layouts where energy 
sources, such as natural gas and electricity are integrated [11,12]. The energy hub is represented as a 
single entity containing all conversion and storage technologies, which supplies electricity, heating, 
and cooling at the output ports of the hub. Examples which address real case studies include studies of 
energy hubs in Baden Dätwil, Switzerland and in Waterloo, Canada [13]. 

The technologies considered are typically centralized energy systems based on gas and electricity. 
Nazar et al. [14] used the energy hub approach to optimize an urban electricity distribution system  
for investment costs, operational costs and system availability. Pazouki et al. [15] addressed uncertainties 
during the operation of an energy hub incorporating wind turbines and storage technologies.  
La Scala et al. [16] addressed 24 multi-energy hubs connected with electricity and gas networks. 

Givler and Lilienthal [17] conducted a case study of Sri Lanka where they identified when  
a PV/diesel hybrid becomes cost effective compared to a stand-alone small solar home systems  
(50 W PV with battery). This study considers an individual household base load of 5 W with a peak of 
40 W, leading to a daily load average of 305 kWh. Through a large number of simulations, the study 
found that the PV-diesel hybrid becomes cost effective as the demand increases. 

Hafez and Bhattacharya [18] analyzed the optimal design and planning of renewable energy-based 
micro-grid systems for a hypothetical rural community where the base load is 600 kW and the peak 
load is 1183 kW, with a daily energy requirement of 5000 kWh/day. The study considers solar, wind, 
hydro, and diesel resources for electricity generation. Although the study considers electricity demand 
over 24 h, the purely hypothetical nature of the assumptions make the work unrealistic for many  
off-grid areas of developing countries. 

Similar case studies are presented in other studies as well. For example, Himri et al. [19] present a 
study of an Algerian village; Nandi and Ghosh [20] discuss the case of a Bangladeshi village, while  
Nfah et al. [21] and Bekele and Palm [22] provide case studies of Cameroon and Ethiopia, respectively. 

The aim of this study is to evaluate a multi-energy system through a transient analysis of 
performance, in order to obtain a primary energy saving, a reduction of operating costs and CO2 
emissions, compared to a conventional plant. It will be also shown how the various plant components 
must operate in order to obtain the desired savings. Moreover, three different kinds of electric storage 
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will be considered, in order to evaluate their impact by changing key parameters. An economic and 
financial assessment will be carried out in order to verify the investment feasibility, which is the 
necessary condition for the plant realization. 

The innovative idea is to use two mathematical models, one to optimize the thermal and electrical 
loads and the other one to optimize the plant configuration in terms of economic and financial aspects. 

2. Numerical Model 

In this paper a new method to optimize a multi-energy system is proposed: the analysis and 
optimization through the utilization of two different models in cascade. The study of heat exchanges 
and electricity loads is performed using the software TRNSYS [23]; the obtained results are used as 
inputs for Homer Energy [24] that is used to perform the energetic optimization process and to 
evaluate the economic benefit of the investment. 

TRNSYS is a transient system simulation software that has been designed for the simulation of 
thermal and electrical energy systems. Its modular architecture allows the implementation of new 
components and mathematical models, and a large number of user defined “types” have been 
generated for various purposes. It can be used for detailed thermal modeling (solar thermal collectors, 
combustions furnaces, heat pumps, fuel cells) and electrical modeling (photovoltaics, wind turbine,  
co-generation) as well as district heating networks, seasonal storage, and detailed building energy 
simulation. The software is designed for detailed energy system simulations and is not suitable for 
modeling general energy flows at district or city levels, and it is not able to model air flows. 

HOMER (Hybrid Optimisation Model for Electric Renewables), developed by NREL (National 
Renewable Energy Laboratory, USA) appears repeatedly in the literature as a preferred tool. It can 
handle a large set of technologies (including PV, wind, hydro, fuel cells, and boilers), loads (AC/DC, 
thermal and hydrogen), and can perform hourly simulations. HOMER is an optimization tool that is 
used to decide the system configuration for decentralized systems. It has been used both to analyze the 
off-grid electrification issues in the developed, as well as developing, countries. 

The implemented model is based on the time series: for every time step the model solves the energy 
balance for each component and correlates it with the other components of the same system. For each 
component, the model evaluates the costs of energy production, giving priority to the lower ones. The 
evaluation of the costs is carried out considering the cost of investment, maintenance, and fuel purchase. 

3. Case Study 

In this paper a study to improve the energy efficiency of the industrial site with high power 
consumption is proposed, using a multi energy system. 

The building is characterized by a surface area of 1600 m2 and a volume of 8000 m3 and large 
spaces around allow different types of plant installations. Actually, the energy plant is constituted by a 
diesel fired boiler (400 kW) for the heating and hot water production, and two refrigeration units (each 
one 140 kW). The energy demand of the building during the year has been studied, through a transient 
analysis and utilizing the results of previous papers [25–29]. Figure 1 and Table 1 show the thermal 
and cooling loads of the case study. 
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Figure 1. Yearly trend of energy demand for heating (Q heat) and cooling (Q cool), 
obtained with TRNSYS. 

Table 1. Yearly total energy demand (kWh/year) for heating and cooling. 

 Energy Demand (kWh/Year) 
Heating (kWh/year) 179,228 
Cooling (kWh/year) 45,932 

Figure 2 shows the trend of electric power absorbed from the grid during the year; it can be 
observed that the electricity demand is continuous; the average value is 150 kW and total electricity 
demand during the year is 1,315,624 kWh. The cost of energy consumption and diesel oil purchase,  
in 2012, has been €268,942; the Net Present Cost for 20 years of operation is €3573.82 and the yearly 
CO2 emission is 765.7 ton/year. 

 

Figure 2. Yearly trend of electricity purchased from the grid. 

In order to obtain a reduction of fuel consumption, cost of energy and CO2 emissions, the 
implementation of a multi-energy system has been proposed (Figure 3). It consists of a CHP 
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reciprocating internal combustion engine and photovoltaic panels (100 kWp); the engine is supplied by 
natural gas that has a lower carbon content compared to diesel fuel. The thermal load is satisfied by  
a CHP engine and by an integrated boiler fueled by natural gas. The price of natural gas, considering 
the tax relief, is 0.469 €/nm3; the price of electricity depends by the time slot (0.18 €/kWh, 0.15 €/kWh 
and 0.10 €/kWh). For generators characterized by an electric capacity lower than 200 kW, it is possible 
to carry out the on-site exchange, by inserting into the grid the excess electric production; the sale 
price has been set at 0.09 €/kWh. The unit costs of the components are: for photovoltaic panels,  
2500 €/kW, for the inverter, 300 €/kW, for the CHP engine, 1500 €/kW. For the optimization process, 
several simulations have been considered in order to compare three different sizes of CHP engine  
(100 kW, 150 kW, and 200 kW). Regarding the electric power absorbed from the grid, two constraints 
have been imposed: 100 kW and 150 kW, which obviously have an influence on operating hours of the 
generator. Therefore, six simulations have been performed. Figure 4 shown the Net Present Cost for 
each configuration considered and for the current plant. It can be observed that there are no remarkable 
differences among the six configurations; even though Configurations 4 and 6 are characterized by the 
highest cost of investment, they have also the highest profits due to the increase of self-generated 
energy. In fact, in Italy, self-generated energy is promoted by the Authority of Energy through the sale 
of “Certificati Bianchi”. This economic item is very important to prepare the final business plan of the 
plant system. 

 

Figure 3. Multi-energy system implemented in Homer Energy. 
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Figure 4. Net Present Cost of the configurations considered and the current plant. 

From the economic point of view, Configuration 1 is the best, followed by Configuration 4, which 
is a compromise between all the configurations. In Table 2 and in Figure 5 the distribution of 
electricity production for the six configurations considered is shown; as it can be seen, for 
Configurations 1, 2, and 3, the amount of energy purchased from the grid is approximately 50%, while 
for Configurations 4, 5, and 6 it tends to decrease up to 11%. 

Table 2. Configurations considered. 

Configuration CHP (kW) Grid (kW) 
1 100 150 
2 150 150 
3 100 100 
4 200 150 
5 150 100 
6 200 100 

 

Figure 5. Distribution of electricity production for the six configurations. 

Once again, two different scenarios are proposed: for the first three configurations, there is a strong 
dependence on the price of electricity, on the other hand, Configurations 5 and 6 are characterized by a 
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strong dependence of natural gas price; Configuration 4 represents a good compromise among the 
others. From thermal point of view, it can be observed how the CHP supplies the thermal load  
(Figure 6); in all configurations there is a sufficient production of heat and the use of boiler is mainly 
concentrated in the hours when the CHP is off. Even in Configuration 1, where CHP size is 100 kW, 
the heat produced by the boiler is less than 20%. Figure 7 shows the value of the Cost of Energy for 
the various configurations considered and for the current plant; the COE of Configuration 6 is lower 
(COE6 = 0.133 €/kWh), which corresponds to the maximum production of electricity. However,  
the Cost of Energy of Configuration 4 (COE4 = 0.135 €/kWh) is very similar to the lowest one; 
considering the Net Present Cost (Figure 4b) and the Cost of Energy, Configuration 4 is preferred over 
the Configuration 6. In Figure 8 the CO2 emissions for the configurations, are shown; it is calculated as 
the sum of the part emitted by the internal combustion engine and the one related to the electricity 
absorbed by the main grid, through the emission factor of the Italian grid that is 523 g/kWh. 

 

Figure 6. Thermal load distribution for the six configurations considered. 

 

Figure 7. Cost of Energy for the six configuration considered and the current plant. 
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Figure 8. CO2 emissions for the six configurations considered and the current plant. 

Therefore, Configuration 4 represents a good compromise with a low COE, which is much lower  
than the one of the current plant (COEcp = 0.170 €/kWh); the limitation of the electrical absorption at 
150 kW is a preferable solution for the CHP, which works for less hours per year, compared with 
Configuration 6, determining a decrease of costs of maintenance and natural gas consumption. The 
benefits of Configuration 4, compared to the current plant, are: an energy saving of 97,500 €/year,  
a decrease of COE from 0.170 €/kWh to 0.135 €/kWh and a decrease of CO2 emissions of 139 
Mg/year. The Primary Energy Saving (PES) index, expressed in Equation (1), for Configuration 4 is 
34.5%, equivalent to 71.6 TOE. 

ܵܧܲ = ൮1 − 1η஼ு௉,௘௟௘௖η௥௘௙,௘௟௘௖ + η஼ு௉,௧௛௘௥௠η௥௘௙,௧௛௘௥௠൲ ∙ 100% (1)

4. Multi-Energy System with Electric Storage 

In the next few years, a quick and extensive diffusion of energy storage systems, is expected. 
Conventional power plants are forced to operate following the fluctuations of the electric load, 
determining the instability of the main grid, because of the increase of energy production from 
renewable sources and to their non-programmability. The storage system represents a solution for this 
problem, by: limiting the effects of intermittency [30], separating the time energy production from 
renewable sources and its consumption and leveling the energy dispatched to the grid. Moreover,  
in countries where the difference of cost of energy is high, between the peak hours, and the night 
hours, the possibility of making profits is realistic [31]. In this study, an evaluation of the effects 
produced by the adoption of three different energy storage system, has been performed. The systems 
considered are: the Pb-Ac batteries [32], which represent a proven and reliable technology, even if they 
are characterized by a short life and a low efficiency; the flywheels, which are kinetic energy storage 
systems characterized by a high efficiency and a high unit cost; the micro-CAES, characterized by low 
efficiency, an intermediate unit cost, and long life [33]. In Table 3 the characteristics of the three 
storage systems are shown [34], and in Figure 9 the configuration plant with the Pb-Ac, flywheels, and 
Micro-CAES are shown. For each technology of storage system, several sizes (electric capacities) have 
been considered: 25 kWh, 50 kWh, 100 kWh, 150 kWh, and 200 kWh, in order to evaluate their 



Sustainability 2015, 7 13913 
 

 

effects on the energetic and economic parameters and to optimize the system. In Figure 10 are shown 
the Cost of Energy (Figure 10a) and the Operating Cost (Figure 10b) of the multi-energy system, using 
different sizes of each storage system, compared with the values (continuous lines) without the energy 
storage. As it can be seen, the multi-energy system equipped with micro-CAES or Pb-Ac batteries, has 
a competitive Cost of Energy up to the size of 100 kWh, while the flywheel system is disadvantaged 
by its high cost of investment. 

Table 3. Characteristics of the three storage systems considered. 

Electric Storage Efficiency  
(%) 

Life  
(Year) 

Unit Cost  
(€/kW) 

Pb-Ac 75 5 ÷ 10 200 
Flywheel 92 >20 2000 

Caes 63 >20 700 

 

Figure 9. Configuration plant of the multi-energy system with the three storage  
systems considered. 
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(a) 

(b) 

Figure 10. Cost of Energy (a) and Operating Cost (b) of the multi-energy systems with 
different sizes of each storage systems, compared with the values (continuous lines) 
without storage systems. 

The annual operating costs for electricity and heat supply are lower for each size of micro-CAES 
considered and for flywheels, up to the size of 100 kWh. These trends are due to operation of the 
storage system: during the evening and the night it is charged, while it is discharged during the hours 
when the cost of electricity is high. In Figure 11 the daily charge/discharge trends of each storage 
system considered (size 50 kWh) are shown. As can be noticed (Figure 12) the model prefers to 
discharge the storage system during the central hours of the day or when the photovoltaic production 
decreases, causing a time-shift of the peak of electric power requested from the grid (as shown in 
Figure 12). It produces benefits for the main grid, which is particularly congested during the central 
hours of the day, when industrial plants and most of the users are fully operative. 
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(a) 

 
(b) 

 
(c) 

Figure 11. Daily charge/discharge trends (battery state of charge during a day) for the 
three storage systems, characterized by a size of 50 kWh: (a) Pb-Ac batteries; (b) flywheels; 
(c) micro-CAES. 



Sustainability 2015, 7 13916 
 

 

 

Figure 12. Operation time series for each component of the multi-energy systems, 
equipped with a Pb-Ac (50 kWh), during a summer day. 

5. Conclusions 

In order to face the increasing growth of energy consumption of modern society and to reduce the 
emissions of greenhouse gases in compliance with international agreements, the problem of energy 
saving related to the responsible utilization of the energy sources is becoming important. The energy 
upgrading of existing buildings can represent a valid contribution. In this study, a method for the 
energy upgrading has been proposed; an energy-intensive user, characterized by outdated plants, has 
been considered and an alternative solution has been evaluated. The results obtained are: an operating 
cost reduction of 97,510 €/year, a cost of energy reduction (from 0.170 €/kWh to 0.130 €/kWh), and  
a reduction of CO2 emission of 139 Mg/year. Furthermore, three different energy storage systems have 
been considered: Pb-Ac batteries, flywheels and micro-CAES. The results show that storage systems 
and CHP are effective in co-operation, during the hours of peak load demand. The model proposed in 
this study is a flexible system and it has a positive impact on the main grid; moreover, the presence of  
storage systems produces an increase on the flexibility, through interactions with the components of 
the multi-energy system. A systematic application of these kind of systems can produce a significant 
reduction of electricity absorbed from the main grid, producing in turn several benefits, such as a 
reduction of CO2 emissions and a time-shift of the peak of electric power requested from the grid, 
which produces a decongestion of the main grid in the central hours of the day. 
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Nomenclature 

Symbol Description Unit Measure 
V Volume m3 

S Surface m2 

COE Cost Of Energy €/kWh 
PES Primary Energy Saving %J 

η Efficiency  
Heating/Cooling Heating/Cooling Demand kWh/year 
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