
  

 
Abstract-- The energetic scenario shows ever growing energy 

consumptions and the need of an optimal management of 
different types of energy distributed resources. The synergy 
among different energy carriers could be exploited to achieve a 
more efficient use of the resources, an increase of the reliability 
of the electrical system, a greater integration of renewable 
generation in the system and both a demand and supply side 
management. In this paper a simulation environment of multi-
vector energy networks is presented. In particular, the paper 
focuses on the role that CHP units may have in coupling electric 
and thermal networks and their feasibility of participating to the 
distribution network voltage regulation. 
 

Index Terms-- multi-vector network, distributed generation, 
optimization, energy hub. 

I.  INTRODUCTION 
The ever increasing growth of energy consumptions, which 

concerns not only electrical demand, sets against the needs to 
respect economical, political and environmental constraints 
due to different goals, as well as the reduction of harmful 
emissions, the need to differentiate the combustible park, 
economical use of resources, demand supply etc. 

Distributed resources have demonstrated the potentiality to 
achieve these goals. The availability of new technologies (i.e. 
microturbines, fuel cells and hydrogen based solutions) 
combined with traditional ones (like internal combustion 
engines) make small-scale environmentally compatible 
generators more suitable than traditional vertical structures for 
energy production and distribution to end users. 

Different types of Distributed Generation (DG) will 
characterize the electric system in the next future. Small-scale 
generators, except off-shore wind farms, and renewable 
generators influence the operation and management of the 
network and different models of generation and supply 
approaches have to be developed. In particular DGs are not 
optimally located and many types of DGs could be partially 
unpredictable and not dispatchable.  

Considering the great diffusion of co-generation and tri-
generation plants that exploit the synergy between different 
energy carriers, future networks will be characterized by the 
optimal integration of different energy carriers [1]. 

In this way, mutual conversion (and possibly storage) of the 
different energy forms within the framework of a distributed 
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system are required to achieve hybrid systems. A multi-source 
multi-product energy system is based on synergy among 
electrical, thermal, chemical and other energy carriers, which 
adds degrees of freedom to both demand and supply side 
management demand and to the reliability of the whole 
system.  

In this framework, only a new energy market system has the 
capacity to prompt for an optimal management of these 
degrees of freedom. Free energy markets will drive the 
consumers-producers management of their own installations 
in a multi-vector network where each node is important for the 
management. 

In order to suitably represent the interactions among 
different energy vectors, the energy hub concept  has been 
adopted [2], [3]. An energy hub is a generalized system for 
generation, conversion and storage of different forms of 
energy and may thus be efficiently exploited for optimising 
the operation of multi-vector energy networks. 

In this paper a multi-vector energy system simulation 
environment is presented. Optimal power flow techniques are 
applied to solve the problem; in particular the optimisation 
tool is focused on investigating the possibility to obtain a 
virtuous behavior of distributed resources enabling their 
participation to network voltage regulation. 

II.  ENERGY MARKETS IN A MULTI-VECTOR NETWORK 
All different energy carriers don't exist alone but they are 

considered and managed independently, except for co-
generation and tri-generation plants that have already 
demonstrated to be the most efficient form of combined 
generation. In this perspective a multi-vector network is a 
natural consequence to achieve energy efficiency needs, to 
ensure sustainability and a more rational use of the energy. A 
hybrid system facilitates the management of such energy 
resources which need of energy carriers conversion, as well as 
storage facilities.  

The interactions among different energy networks take 
places at the nodes. A node could be a real physical node or a 
virtual node, where different devices are aggregated and can 
exchange/generate/convert different forms of energy, suitably 
represented by energy hubs. The various networks are thus 
coupled by the energy hubs, as pictorially shown in Fig. 1. 

Consequently each node takes a greater importance in the 
system in the Demand-Side Management (DSM) and the 
possibility of a real-time observability, controllability and 
process efficiency optimization becomes a key need.  
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Fig. 1: Example of multi-vector network with energy hubs. 

 
Economical tariffs are the most effective lever to 

incentivize producers to actively participate in the network 
management. 

In this perspective, the best network configuration could be 
obtained as the optimal economical solution. The best network 
configuration means better energy services, fewer 
environmental costs, improvement in the utilization of 
resources, suitable voltage profiles etc.  

Considering the strong impact of energy prices in present 
energy policies, energy markets system will be improved in 
the next future. In particular, innovative price list system and a 
plurality of energy markets are necessary to provide suitable 
signals to each active element of the network as in an internet-
like model. Furthermore, it seems interesting to translate 
technical constraints or network needs in suitable price signals 
which have to reach each bus. In this way, an optimal 
behavior should be naturally obtained considering the highest 
owners' revenue. Owners could also have distributed 
generators and a multi-area problem have to be considered, 
thus applying the Virtual Power Plant (VPP) concept, i.e. a 
cluster of distributed generation/load installations which are 
driven by a common central control system. 

III.  SIMULATION ENVIRONMENT 
A comprehensive software platform for simulating and 

optimizing the operation of multi-energy vectors network is 
under development [4]. A conceptual scheme of the algorithm 
is shown in Fig. 2. The algorithm may be applied indifferently 
to single (e.g. electrical) or multi-energy vector networks. 

The core of the system is represented by the models of the 
network, energy hub and virtual utilities. 

The optimization is always performed on the whole system 
but may have different concurrent optimization functions 
depending upon the specific goals (local optimization of 
energy hubs, virtual power plant or entire integrated network 
operation). In this way technical constraints (such as voltage 
limits, line loadings, etc.) are always catered for. 

 
Fig. 2: Conceptual scheme of multi-vector algorithm. 

 
As shown in Fig. 2, the software platform should provide a 

complex system of signal interaction between a post-
processing of optimal results and energy market and networks 
system. Signals are worked out by a DSM and sent as 
economical hint to energy markets system or as technical 
issues to single physical entities (DGs, loads, energy storage 
devices) and to networks, energy hubs and virtual utilities. 

Optimization is based on energy tariffs and energy markets 
signals which can be suitably modulated on the basis of 
network needs in order to provide incentives to the 
producer/consumer to operate near the network optimum (for 
example minimum losses, no congestions, acceptable voltage 
profiles). 

The availability of smart multi-metering at customer 
premises as well as new intelligent ICTs (Information and 
Communication Technologies) for networking and data 
management are required. 

So far the optimisation tool representing the core of the 
system has been implemented, while energy markets and 
DSM models are under development. This tool, however, is a 
self-consistent program which may be applied for specific 
analysis such as investigating the role of storage devices [5] or 
the application study reported in this paper. 

IV.  MODELING 

A.  Energy hub 
Energy hubs are interfaces between different energy 

vectors, special nodes where generation, conversion and 
storage could take place. Their representation may be 
completely defined by the following generic matrix equation: 

{ { {
ESPCL &

&
M

&

44 344 21
L

MOM

L

M

44 344 21
L

MOM

L

M

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
−

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

ω

α

ωωωα

ωαβ

ω

α

ωωωα

ωαβ

ω

α

E

E

ss

ss

P

P

cc

cc

L

L aa

 (1) 

2



  

where L and P are output and input vector respectively and C 
is the coupling matrix between different energy vectors 
(indicated by Greek letters). The coefficients of the coupling 
matrix describe the conversion relationships between different 
energy vectors. The model may account for storage devices by 
means of a so-called storage coupling matrix, S, whose 
coefficients consider both conversion and charge/discharge 
efficiencies, which multiplies the energy derivates vector E& . 
More details are available in [2], [3]. 

In this work hub units have no storage devices and their 
model is defined by the following generic equation: 
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where ηt, ηex, ηCHP,el, ηCHP,th, and ηf are respectively 
transformer, thermal exchanger, electrical CHP, thermal CHP 
and furnace efficiencies; Lel and Lth are electrical and thermal 
loads; Pel, Pth and Pgas are electrical, thermal and natural gas 
input power and υ represents the natural gas dispatch factor 
between CHP and furnace (if present). 

To be noted that Lth, Pth and Pgas are real variables 
whereas Lel and Pel are complex variables enabling to cater 
for both active and reactive electrical power (cosφ is the CHP 
power factor). 

Control of the reactive power component is fundamental in 
order to enable the energy hub to participate to the electrical 
network voltage regulation.  

B.  Networks 
Electrical and thermal network models can be  represented 

by nodal power balances: 

0=− ∑
∈ mNn

mnm PP ,                                     (3) 

which means that the sum of all branch flows to bus m is 
equal to its nodal power injection. To be noted that for the 
electrical network Pmn are complex power variables whereas 
for a generic pipeline network (gas, water or hydrogen) these 
are real quantities. 

The pipeline flow is defined as 

m
kjkjkjkjkj pSSMf Δ=                              (4) 

where fkj  is the line flow [m3/h], Mkj is proportional to the rate 
between a given power of the diameter (D, [m]) and length (L, 
[m]) of the pipeline Δpkj [Pa] is the pressure gap between 
busses k and j, Skj indicates the direction of the flow 
(Skj=sign(Δpkj)), and m depends on the network pressure level. 

This equation is valid for both gaseous and liquid fluids 
(Δpkj and Mkj change according to the hypothesis). In this 
specific case, the Darcy’s equation has been implemented for 
the district heating network using water as thermal vector 
(120° C forward and 60° C return). To the sake of simplicity, 

only hydraulic calculation has been done, disregarding 
temperature and temperature dependent behavior. 

The nodal balance should also consider possible pump or 
other pressure control elements as valves, but no such 
elements have been considered in this work. 

More detailed models can be found in [6], [7], [8]. 

V.  OPTIMISATION 
The problem of optimization is characterized by an objective 

function to minimize (or maximize) and a set of unknown 
quantities or variables (x) that affects the objective function.  

The optimal value of the problem is a scalar real value. The 
objective function could concern technical or economical 
purpose as losses, voltage variation, emissions, generation and 
operational costs. Multiple objective functions are often 
considered to simultaneously optimize a number of different 
objectives. In this case, suitable coefficients are used both to 
make homogenous different objectives and to assign more or 
less importance to each one (weight coefficients). 

The optimization could consider a single instant or a multi-
period. In particular, the multi-period optimization is required 
when storage devices are present. In such case, it is important 
to known what happens before and after a present instant to 
optimal manage a storage device which has the key role to 
free power generation/consumption from instant balance. 

In this paper, the considered objective function is an 
economical one, where the sum of import/export power costs 
for each energy hub has been taken into account: 
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with cgas natural gas energy cost, cth thermal energy costs, 
cel,active active electrical energy cost and cel,reactive electrical 
reactive energy cost. 

The optimization problem is a single step optimization 
considering absence of storages. The thermal import/export 
flow of the unknown-injection bus has been taken into 
account in the objective function with a component cost as an 
import/export energy hub thermal power. 

The objective function is to minimize the overall 
operational cost of energy hubs, which may thus be 
considered as a sort of virtual utility. 

Practical systems are very often formulated with some 
constraints imposed on their variables. Optimisation of such 
problems must be carried out within the limits of these 
constraints. In this way, a vector x that satisfies  the 
constraints is an admissible solution of the problem: 
 

[ ]ϕϑ cosυPfpQPV in
Hthth=x    (6) 

In this specific case the unknown quantities are voltage 
phase angles (ϑ  vector) for each electrical PV and PQ bus, 
voltage amplitude (V vector) for each electrical PQ bus, active 
and reactive power (P and Q vectors) for each variable 
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generator and load, pressure (Pth vector) for each unknown-
pressure bus, flow (fth vector) for each unknown-injection bus, 
input powers (PH

in vector), dispatch factor (υ vector) and 
power factor (cosφ vector) for each energy hub. 

As listed below, the optimization problem considers a large 
number of technical constraints, as upper and lower, linear 
and non-linear constraints. Furthermore, for each energy hub, 
eq. (2) and (3) represent add-on and necessary system 
constraints, together with the internal generation limits (for 
example maximum furnace and CHP input gas power). 
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VI.  APPLICATION 

A.  Case study system 
The integrated electrical and thermal case study network is 

shown in Fig. 3. The electric network is a 20 kV 9-bus radial 
network, connected to the bulk grid (slack bus N1) through a 
on-load tap-changer (OLTC) transformer. The 6-bus thermal 
network represents a portion of a district heating system 
(“slack” known-pressure bus TH5, pressure 14.5 bar). The 
two networks are coupled through the four energy hubs H3, 
H4, H5 and H7. 

As shown in Fig. 3, the hubs differ each other by the 
constituting elements (T = transformer, CHP = combined heat 
and power generator, E = thermal exchanger) and this is 
reflected by the values assumed by the coefficients in eq. 3, as 
listed in table A1 in Appendix. (the size of the CHP units in 
hubs H3, H4 and H7 is 3.5MWel while in H5 there is no 
conversion between electrical and thermal energy vectors). 

All the electric and thermal network data are reported in 
Appendix. In the case study all loads are kept constant, 
whereas two distributed generation settings have been 
considered, a low generation (I) and a high generation (II) 
scenario respectively. 

In this study the following cost coefficients have been 
assumed: 3.741 [€/(kWh)] has been adopted as natural gas 
cost, assuming Italian purchase tariff (0.358 [€/m3]) [5]. 
Thermal cost (4.489 [€/(kWh)]) has been supposed 20% 
higher than natural gas cost to account for efficiencies and 
other thermal generation costs.  

 

The electrical active energy cost has been considered equal 
to 8.2 [c€/(kWh)], while the reactive energy cost has been 
assumed equal to 80% of electrical active energy cost (6.56 
[c€/(kVarh)]). Remuneration of reactive energy has been 
considered in order to incentivize hub generators to produce 
also reactive power when required as an ancillary service. The 
above prices apply for both purchase and selling electrical and 
thermal power, whereas natural gas may only be purchased.  

Aim of the optimization is to minimize the hubs operational 
costs, while respecting all the system constraints and enabling 
their participation to the electric network voltage regulation. 

B.  Results and discussion 
A selection of the results is reported in Figs. 4 and 5 

(electric network voltage profiles) and Table I (energy hubs 
operational data, power data in pu with Pbase=1MW). Without 
any voltage control provision (OLTC transformer set to tap=0 
and bus voltage allowed to vary in the range 0.96-1.04 pu) the 
two distributed generation scenarios lead to the opposite 
voltage profiles represented by the red dashed lines in figs. 4a 
and 5a. 

Scenario I 
In this case of low DG production bus voltages are 

generally depleted (N8 reaching the minimum allowed limit of 
0.96) and the OLTC is considered to intervene by lowering 1 
tap thus increasing the network bus voltage levels (blue solid 
line in Fig. 4a). In the hypothesis of CHPs of the energy hubs 
instructed to produce active power only (cosφ=1), the 
optimization results in the hubs import/export power 
conditions shown in column (1.a) of Table I, characterized by 
a total operational cost of 1178 [€/h]. 

In order to further improve the network voltage profile, the 
DSM is supposed to set a minimum bus voltage level equal to 
0.98 and the CHPs of the energy hubs are enabled to generate 
reactive power (cosφ<1) within their capability curves. 
Considering these new constrains, the optimization procedure 
is run again resulting in the hubs import/export power 
conditions shown in column (1.b) of Table I and the network 
voltage profiles of Fig. 4b. It can be noticed that the overall 
better voltage distribution is achieved with a general increase 
of the levels of feeder L1 bus voltages. This is attained by the 
optimized re-distribution of the import/export power of the 
energy hubs, in particular H4 which is the element connected 
to the most depleted electric bus (N4).  

It is of interest to highlight that the overall operational costs 
of the 4 hubs participating to the voltage regulation is reduced 
by 17% with respect to the previous case. Such cost reduction 
is due to the higher exploitation of the CHPs, enabled by the 
presence of the thermal network which allows CHPs to 
modulate their heat production and supply also remote loads 
(although total gas consumption is increased by 20%, the heat 
power import through slack bus TH5 is almost zeroed and the 
CHPs increase their reactive power production of more than 
1.2 MVar).  
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Fig. 3: One line diagram of integrated electrical and thermal system 
 

TABLE. I:  
ENERGY HUBS AND NETWORK RESULTS WITHOUT (1.a, 2.a) AND WITH (1.b, 

2.b) HUBS PARTICIPATION TO VOLTAGE REGULATION (NEGATIVE SIGN 
INDICATES EXPORT VALUES) 

 
  Scenario I (tap=-1) Scenario II (tap=1) 
  (1.a) (1.b) (2.a) (2.b) 

H3 

Pel 0,609 0,983 0,609 0,914 
Qel 0,826 0,818 0,826 0,836 
Pth -1,448 -0,775 -1,447 -0,899 
Pgas 2,952 1,905 2,952 2,098 

H4 

Pel 2,151 1,193 2,151 0,910 
Qel 1,012 -0,199 1,012 -0,531 
Pth 1,251 -2,320 1,251 -3,439 
Pgas 2,264 6,808 2,264 8,233 

H5 

Pel 2,920 2,920 2,920 2,920 
Qel 1,615 1,615 1,615 1,615 
Pth 3,337 3,337 3,337 3,337 
Pgas 0,000 0,000 0,000 0,000 

H7 

Pel -0,599 -0,254 -0,599 0,280 
Qel 0,306 0,309 0,307 0,318 
Pth -1,428 -0,433 -1,428 0,253 
Pgas 3,953 2,355 3,953 0,830 

Pel, SL bus -1.105 -1,385 -13,029 -13,248 
Qel, SL bus 7,026 5,700 -0,001 -1,500 
Pth, SL bus 2,120 0,218 2,120 -0,339 

Obj [€/h] 1178,0 979,0 1178,0 927,0 

 

Scenario II 
In this case of peak distributed generation, mainly 

concen-trated on feeder L4, without any regulation action 
the voltage distribution would be as shown by the red 
dashed line in Fig. 5a, from which it is noticeable that the 
two feeders have opposite voltage behavior. In such 
condition the OLTC would react by increasing 1 tap, thus 
lowering the network bus voltages and leading to the 
profile given by the blue solid line in Fig. 5a. As a result, 
feeder L1 bus voltage levels are considerably lowered with 
N5 almost reaching the minimum allowed level.   

With the CHPs of the energy hubs forced to produce 
active power only, i.e. no participation to voltage 
regulation, the optimization procedure leadsd, as it could be 
expected, to the same hubs import/export power conditions 
as in the previous scenario (see column (2.a) of Table I). 

Similarly as before, the DSM is now supposed to set a 
minimum bus voltage level equal to 0.98 and the CHPs of 
the energy hubs are enabled to generate reactive power 
(cosφ<1). The optimization procedure is run again resulting 
in the hubs import/export power conditions shown in 
column (2.b) of Table I and the network voltage profiles of 
Fig. 5b.  

Once again, the optimized re-distribution of the 
import/export power of the energy hubs leads to an overall 
better voltage distribution (in particular the levels of feeder 
L1 bus voltages) and this is accomplished with almost a 
20% reduction of overall operational costs of the 4 hubs.  
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Fig. 4: Voltage profiles - scenario I: (a) OLTC transformer with tap = 0 (red 
dashed line) and with tap = -1 (blue solid line) without voltage control; (b) 
OLTC transformer with tap = -1 and voltage control 

Fig. 5: Voltage profiles - scenario II: (a) OLTC transformer with tap = 0 (red 
dashed line) and with tap = 1 (blue solid line) without voltage control; (b) 
OLTC transformer with tap = 1 and voltage control 

 
VII.  CONCLUSIONS 

In this paper an optimal power flow simulation tool for 
multi-vector energy systems is presented, with specific focus 
on electrical and thermal networks which are linked by 
distributed CHP units. This tool represents the core system of 
a comprehensive simulation environment which is under 
development and will integrate also models of energy markets, 
distribution system and demand side management as well as 
other energy vector networks, such as natural gas and 
hydrogen. 

A case study has been presented in which it is shown that, in 
an integrated electric and thermal network system, the 
optimized management of energy hubs provided with CHP 
units may enable their active participation to network voltage 
regulation while reducing their overall operational costs. 

The optimization is based on cost functions and even better 
results could be expected by introducing suitably modulated 
price signals and different tariff scenarios. This aspects will be 
further investigated in future work. 

 
 
 

VIII.  APPENDIX 
Data of the energy hubs model, electric and thermal network 
elements of Fig. 3 are listed below. 

 
TABLE. A.1 

HUBS COUPLING MATRIX EFFICIENCIES 

name tη  exη  elCHP,η  thCHP,η  fη  
H3 0.98 0.7 0.35 0.45 -- 
H4 (1) 0.7 0.30 0.55 -- 
H5 (1) 0.7 -- -- -- 
H7 (1) (1) 0.35 0.45 0.9 

 
TABLE. A.2 

ELECTRICAL BRANCHES 

name l 
[km] 

r 
[Ω/km] 

l 
[mH/km] 

c 
[nF/km] 

Imax 
[A] 

L1 5.720 0.268 1.165 10.0 280 
L2 6.070 0.352 1.225 8.98 235 
L3 4.100 0.320 0.406 290 200 
L4 3.740 0.125 0.335 360 400 
L5 3.700 0.125 0.335 360 400 
L6 5.135 0.206 0.380 340 280 
L7 1.575 0.519 1.229 9.00 180 
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TABLE. A.3 
ELECTRICAL LOADS AND GENERATORS  [pu, Pbase=1MW] 

 loads generators 
 Scenario I Scenario II 

bus Pel Qel Pel Qel Pel Qel

N2 -- -- -- -- -- -- 
N3 1.630 0.824 -- -- 3.50 0 
N4 2.830 1.022 -- -- 1.25 0 
N5 2.920 1.615 3.0 0 2.25 0 

N6 4.762 2.384 3.0 0 1.05 0 
7.50 2.50 

N7 0.570 0.323 -- -- 7.50 2.50 
N8 2.000 0.987 -- -- 2.50 2.50 
N9 0.252 0.170 -- -- 1.05 0.07 

 
TABLE. A.4: 

THERMAL BRANCHES 
name from to l [km] D [m] 

L1 TH2 TH5 2.0 0.15 
L2 TH3 TH5 1.5 0.15 
L3 TH4 TH5 1.0 0.20 
L4 TH6 TH4 1.0 0.18 
L5 TH6 TH1 0.5 0.15 

 
TABLE. A.5 

THERMAL LOADS [pu, Pbase=1MW] 
name bus Pth [pu] 

C1 TH1 0.4081 
C2 TH2 0.3150 
C3 TH3 0.6270 
C4 TH4 2.3358 
C6 TH6 2.1205 

 
 

IX.  REFERENCES 
[1] G. Andersson, M. Geidl, K. Hemmes, J.L. Zachariah-Wolff, "Towards 

multi-source multi-product energy systems", ScienceDirect, International 
Journal of Hydrogen Energy 32 (2007) 1332-1338 

[2] G. Andersson, M. Geidl, “A Modeling and Optimization Approach for 
Multiple Energy Carrier Power Flow”, Proceedings of IEEE PowerTech 
2005, St. Petersburg, Russia, 2005 

[3] G. Andersson, M. Geidl, “Optimal Power Flow of Multiple Energy 
Carriers”, IEEE Transactions on Power Systems, Vol. 22, No. 1, 
February 2007  

[4] L. Carradore, F. Bignucolo, “Distributed Multi-Generation and 
Application of the Energy Hub Concept in Future Networks”, 43rd 
International Universities Power Engineering Conference, UPEC 2008, 
Padova, 1-4 Sept. 2008 

[5] S. Barsali, D. Poli, S. Scalari, L. Carradore, R. Turri, “Integration of 
process-side energy storage and active distribution networks and 
economical optimisation”, CIRED 2009, 20th International Conference 
on Electricity Distribution, Prague , 8-11 June 2009 

[6] A.J. Osiadacz, “Simulation and analysis of gas networks”, E. & F.N. 
Spon, ISBN 0-419-12480-2 

[7] E. Shashi Menon, “Gas pipeline hydraulics”, ed. Taylor & Francis 2005, 
ISBN 0.8493-2785-7 

[8] S. Acha, C. Hernandez-Aramburo, “Integrated modelling of gas and 
electricity distribution networks with a high penetration of embedded 
generation”, CIRED 2008, Frankfurt, 23-24 June 2008 

X.  BIOGRAPHIES 
 
Loredana Carradore received a B.Sc. and M.Sc. 
degree in Energetic (2005) and Electrical (2007) 
Engineering from the Univesrity of Padova (Italy) 
respectively . She is currently a Ph.D. student in 
Electrical Engineering at University of Padova. Her 
research interests include energy power systems and 
optimisation. 
 
 
 
 
Roberto Turri received the Dr.Ing. degree in 
Electrical Engineering from the University of 
Padova, Italy, in 1984 and the Ph.D. degree from the 
University of Wales, UK,  in 1987. From 1984 to 
1988 he was a Senior Research assistant with the 
Physics Department of the University College of 
Swansea, Wales U.K. In 1990, he joined the 
Electrical Engineering Department of Padova 
University, where he is currently Associate 

Professor in Power Systems. His main research interests are related to power 
system simulation and numerical modeling of low frequency electromagnetic 
fields. 

7



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /CityBlueprint
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EuroRoman
    /EuroRomanOblique
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GDT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GothicE
    /GothicG
    /GothicI
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GreekC
    /GreekS
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCPEUR
    /ISOCPEURItalic
    /ISOCT
    /ISOCT2
    /ISOCT3
    /ISOCTEUR
    /ISOCTEURItalic
    /Italic
    /ItalicC
    /ItalicT
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MS-Mincho
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PanRoman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PoorRichard-Regular
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /ScriptC
    /ScriptMTBold
    /ScriptS
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /Simplex
    /SnapITC-Regular
    /Stencil
    /StylusBT
    /SuperFrench
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolMT
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /Technic
    /TechnicBold
    /TechnicLite
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Txt
    /UniversalMath1BT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


