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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
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multi-energy system taken as the case study has been optimized through the utilization of
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

thereby increasing the initial costs. A hybrid syste
renewable energy sources (RES), the over-sizing i
systems have received limited attention due to th
considered the issue of reliable supply of elg

tors, developing the sustainable mobility through the utilization
rational use of electricity in order to decrease the energy consumption.

milding, a group of buildings or a factory. These systems are inherently flexible
and allow@gploitation of the renewable sources in the best way, following thermal and electric
demands, incré@ing 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
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distributed energy sources. Effective integration requires the balancing of demand and supply in
geographic and temporal terms, which can be aided by computational methods.

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

a reduction of pollutant emissions, the possibility of reali
in the electric grid during the peak hours of the day [

hich supplies electricity, heating,
real case studies include studies of

micro-gricN@stems for a hypothetical rural community where the base load is 600 kW and the peak
load is 1183 @, 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 CO:2
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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
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

generated for various purposes. It can be used for d&gi odeling (solar thermal collectors,
combustions furnaces, heat pumps, fuel ling (photovoltaics, wind turbine,
co-generation) as well as district heating rage, and detailed building energy
simulation. The software is designg stem simulations and is not suitable for

modeling general energy flows els, and it is not able to model air flows.

HOMER (Hybrid Opti ic Renewables), developed by NREL (National
Renewable Energy Lab atedly in the literature as a preferred tool. It can
handle a large set of ding PV, wind, hydro, fuel cells, and boilers), loads (AC/DC,

purly simulations. HOMER is an optimization tool that is
used to decid i jon for decentralized systems. It has been used both to analyze the
off-grid elect i eloped, as well as developing, countries.

i ed on the time series: for every time step the model solves the energy

ates the costs of energy production, giving priority to the lower ones. The
carried out considering the cost of investment, maintenance, and fuel purchase.

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 m? and a volume of 8000 m® 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
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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 heatj
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Table 1. Yearly total energy demand and cooling.
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In order to obtain a reduction of fuel consumption, cost of energy and CO: emissions, the
implementation of a multi-energy system has been proposed (Figure 3). It consists of a CHP
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 €/nm?; 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

each configuration considered and for the current plant. It
differences among the six configurations; even thoug characterized by the
highest cost of investment, they have also the hi increase of self-generated
energy. In fact, in Italy, self-generated energy is pr uthority of Energy through the sale

of “Certificati Bianchi”. This economic iteggis very pare the final business plan of the
plant system. &
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Figure 3. Multi-energy system implemented in Homer Energy.
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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;
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Figure 7. Cost of Energy for the six configuration considered and the current plant.
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Therefore, Configuration 4 represents a good compromise
than the one of the current plant (COEcp = 0.170 €/kWh); t
150 kW is a preferable solution for the CHP, which w
Configuration 6, determining a decrease of costs of Jiai s consumption. The
benefits of Configuration 4, compared to the curr saving of 97,500 €/year,
a decrease of COE from 0.170 €/kWh to 0.135 ecrease of CO2 emissions of 139
Mg/year. The Primary Energy Saving (PE i uation (1), for Configuration 4 is
34.5%, equivalent to 71.6 TOE.
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hours, the pOS@ibility 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 kwWh, in order to evaluate their
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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 Uni
(%) (Year) (
Pb-Ac 75 5-+10 2
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Figure 9. Configuration plant of the multi-energy system with the three storage
systems considered.
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[Orage 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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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.
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In order to face the increasing growth
emissions of greenhouse gases in complian greements, the problem of energy
saving related to the responsible yidlilabi rces is becoming important. The energy
upgrading of existing buildinggl®a alid contribution. In this study, a method for the

ycC modern society and to reduce the

0 ption
ern a

been considered and an i I En evaluated. The results obtained are: an operating
£ energy reduction (from 0.170 €/kWh to 0.130 €/kWh), and

systematic application of these kind of systems can produce a significant
y absorbed from the main grid, producing in turn several benefits, such as a
D7 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
\% Volume m®
S Surface m?
COE Cost Of Energy €/kWh
PES Primary Energy Saving %J
n Efficiency

Heating/Cooling Heating/Cooling Demand kWh/year

References

1. Bhattacharyya, S.C. Energy access programs and sustainable de . giiew and
analysis. Energy Sustain. Dev. 2012, 16, 260-271.

2. European Parliament. Directive 2009/28/EC of the Europ nd of the ¥ouncil of 23
April 2009 on the Promotion of the Use of Energy fr Amending and
Subsequently Repealing Directives 2001/77/EC and 2003/30 al of the European
Union: Strasbourg, France, 2009.

3. European Parliament. Directive 2004/8/EC of i t and of the Council of 11
February 2004 on the Promotion of Cogenerati seful Heat Demand in the Internal
Energy Market; Official Journal of th urg, France, 2004.

4.  Manwell, J.F. Hybrid energy system. E 15-2209.

5. Allegrini, J.; Orehounig, K,; , F.; Dorer, V.; Evins, R. A review of
modeling approaches and i on of district-scale-energy systems. Renew. Sustain.
Energy Rev. 2015, 52,

6. Mancarella, P. M An overview of concepts and evaluation models.
Energy 2014, 6

7. Sharif, A, » Elkamel, A.; Alrafea, K. Design of an energy hub based

rgy sources. Int. J. Energy Res. 2013, 38, 363-373.
8. utazione del Sistema Multi Energia a Servizio Dell edificio:

10.

11.

Dinamica Attraverso la Metodologia Dell’energia Hub; Dario

Ascomac Cogena: i vantaggi dei sistemi SDC/RIU/SEU abbinati a reti intelligenti. Available online:
http://www.casaeclima.com/index.php?option=com_content&view=article&id=16038:ascomac-
cogena-i-vantaggi-dei-sistemi-sdcriuseu-abbinati-a-reti-intelligenti&catid=1:latest-news&Itemid=50
(accessed on 13 October 2014). (In Italian)

Geidl, M.; Andersson, G. Operational and structural optimization of multi-carrier energy systems.
Eur. Trans. Electr. Power 2006, 16, 463-477.



Sustainability 2015, 7 13918

12. Geidl, M.; Andersson, G. Optimal power flow of multiple energy carriers. IEEE Trans. Power Syst.
2007, 2, 145-155.

13. Parisio, A.; del Vecchio, C.; Vaccaro, A. A robust optimization approach to energy hub
management. Int. J. Electr. Power Energy Syst. 2012, 42, 98-104.

14. Nazar, M.S.; Haghifam, M.R. Multiobjective electric distribution system expansion planning
using hybrid energy hub concept. Electr. Power Syst. Res. 2009, 79, 899-911.

15. Pazouki, S.; Haghifam, M.-R.; Moser, A. Uncertainty modeling in optimal operation of energy
hub in presence of wind, storage and demand response. Int. J. Electr. Power Energy Syst. 2014,
61, 335-345.

16. La Scala, M.; Vaccaro, A.; Zobaa, A. A goal programming method

17. Givler, T.; Lilienthal, P. Using HOMER® Software, NREL’s
to Explore the Role of Gen-Sets in Small Solar Power Sys

18. Hafez, O.; Bhattacharya, K. Optimal planning and
system for microgrids. Renew. Energy 2012, 45,
19. Himri, Y.; Stambouli, A.B.; Draaoui, B.; Hi

20. Nandi, S.; Ghosh, H.R. Prospect of wind-PV-

21. Nfah, E.M.; Ngundam, J.M.; Vandenbe¢ id, J. Simulation of off-grid generation
) ' rgy 2008, 33, 1064-1072.

urban canyon microclimate related to geometrical parameters. Sustainability 2014, 6, 7894—7905.

29. De Lieto Vollaro, R.; Vallati, A.; Bottillo, S. Differents Methods to Estimate the Mean Radiant
Temperature in an Urban Canyon. Adv. Mater. Res. 2013, 650, 647—651.

30. Lund, H.; Mathiesen, B.V. Energy System Analyses of 100% renewable energy system—The case
of Denmark in year 2030 and 2050. Energy 2009, 34, 524-531.

31. Inage, S.-I. Prospect for a Large Scale Energy Storage in Decarbonized Power Grids;
International Energy Agency: Paris, France, 2009.


https://scholar.google.it/citations?view_op=view_citation&hl=it&user=f-oiOjAAAAAJ&citation_for_view=f-oiOjAAAAAJ:Tyk-4Ss8FVUC
https://scholar.google.it/citations?view_op=view_citation&hl=it&user=f-oiOjAAAAAJ&citation_for_view=f-oiOjAAAAAJ:Tyk-4Ss8FVUC

Sustainability 2015, 7 13919

32. Alessandrini, F.; Appetecchi, G.B.; Conte, M. Studio di Fattibilita Tecnica Sull’applicabilita

33.

34.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This

distributed under the terms and conditions of the Creativ om
(http://creativecommons.org/licenses/by/4.0/). &

Delle Batterie al Litio Nelle Reti Elettriche—Stato Dell’arte e Limiti Scientifici e Tecnologici;
Report; ENEA (Italian National Agency for New Technologies, Energy and Sustainable
Economic Development): Rome, lItaly, 2010. Available online: http://www.enea.it/it/Ricerca_
sviluppo/documenti/ricerca-di-sistema-elettrico/elettrotecnologie/16-rt-enea-ob-f-29-9-10.pdf
(accessed on 13 October 2015). (In Italian)

Liu, W.; Yang, Y.; Zhang, W.; Xu, G.; Wu, Y. A Novel Hybrid-Fuel Compressed Air Energy
Storage System for China’s Situation. Energies 2014, 7, 4988-5010.
Ferreira, H.L.; Garde, R.; Fulli, G.; Kling, W.; Lopes, J.P. Characterizat
storage technologies. Energy 2012, 53, 288-298.

rical energy

a88 article
license




