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A B S T R A C T   

In recent years, efforts have been made to increase the proportion of electricity demand met by Renewable 
Energy Sources (RESs). Distributed Energy Resources (DERs) play a crucial role in this frame, particularly in 
Microgrids (MGs) where DERs and clusters of loads are interconnected. This paper presents an Energy Man
agement System (EMS) developed for a low-voltage MG installed in Italy, connecting Photovoltaic (PV) units, a 
Wind Turbine (WT), a Battery Energy Storage System (BESS), a Combined Heat and Power (CHP) unit and loads: 
the EMS aims to optimize the day-ahead scheduling of the MG, considering both economic and power quality 
criteria. The mathematical model incorporates the capability curves of the inverters connected to DERs and 
allows for curtailment of PV and WT units, with curtailment costs assessed using the Levelized Cost of Electricity 
(LCOE). Penalties for the absorption of reactive power from the external network are considered and evaluated in 
accordance with the current regulatory framework. Optimal Power Flow (OPF) equations are integrated into the 
EMS model, too. A preliminary analysis, carried out on a simplified MG, evaluates the impact of linearizing the 
DERs capability curves and OPF equations on the EMS’s outcomes. Finally, a sensitivity analysis evaluates the 
impact of different operational constraints and of different objective function formulations on the operation of 
the MG, discussing key energy and economic results.   

1. Introduction 

In recent years, there has been a growing concern over the envi
ronmental impact of traditional electricity generation from fossil fuels. 
Renewable Energy Sources (RESs) have been widely identified as the 
main solution to this issue. In the last decades, the European Union (EU) 
has continuously improved its objectives in climate change fighting. 
Recently, the “Fit for 55” package has been enacted [1]: among its 
several goals, it aims to reduce greenhouse-gas emissions by at least 55% 
by 2030 (compared to 1990 levels) and to increase the market share of 
renewable energy up to 40%. Besides, the share of renewable energy 
consumed in buildings has to reach 49%, with a step-increase of that 
share also in industry and heating/cooling systems. 

RESs will play a fundamental role in ensuring this transition, 
providing sustainable and green energy [2]. Nevertheless, RESs like 
Wind Turbines (WTs) and Photovoltaic (PV) power plants are inherently 
affected by the unpredictability of the physical source (solar and wind), 
meaning that they may not be able to instantaneously follow the vari
ation of the load demand [3]. Besides, being connected to the network 

via inverters, they may not be able to provide inertial response and 
primary frequency support, if not properly controlled. 

In order to overcome the unpredictability issue, energy storage sys
tems like Battery Energy Storage Systems (BESSs) are frequently 
installed, acting as buffers, dampening the oscillation in the renewable 
energy production by ensuring a steady supply of electricity to the grid 
[4,5]. This stabilization effect is crucial for keeping the grid stable and 
reliable, allowing a greater amount of RES-produced energy to be inte
grated into the existing power infrastructure [6], easing the matching 
between generation and demand. If properly controlled, RESs and BESSs 
are able to participate in frequency support to the network, providing 
synthetic inertial responses and participating in primary frequency 
regulation, in accordance with grid codes [7]. 

The increasing exploitation of RESs, coupled with advancements in 
Distributed Generation (DG) technologies, has led to the emergence of 
Microgrids (MGs) as an efficient and sustainable solution for power 
generation and distribution. An MG can be defined as a localized group 
of interconnected loads and Distributed Energy Resources (DERs) able to 
operate either in parallel with the main grid or autonomously during an 
outage [8]. DERs units are typically RESs, high-efficiency cogeneration 
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units (small-medium size) and BESSs. All these sources operate as a 
single controllable system that provides both power and heat to its local 
area. Whenever a Combined Heat and Power (CHP) unit is installed in 
the MG, the electrical and thermal infrastructures are intrinsically 
coupled. Compared to traditional distribution systems, MGs offer a 
greater flexibility in controlling DER units [9], ensuring an increased 
reliability of electrical services, the ability to dispatch local power and 
an enhanced power supply efficiency, through strategically located CHP 
units [10,11]. 

Therefore, MGs are based on complex multi-energy vector systems 
that need to be optimally scheduled and operated in order to fully 
exploit their peculiarities: for this purpose, Energy Management Systems 
(EMSs) are required, in order to find the optimal planning of the DERs, 
optimizing the power flows between each unit, both in islanded and 
grid-connected mode, according to economic, environmental or tech
nical criteria [12]. Besides, reactive power provision and voltage sup
port are further challenges that will involve inverter-based DERs: for this 
reason, inverters’ capability curves will have to be considered by EMS, 
in order to model the capability of these sources to provide inductive or 
capacitive reactive power [13]. 

Several examples of EMSs are present in literature, dealing with 
Optimal Power Flow (OPF) constraints. The main constraints are i) 
active power constraints for generation, ii) reactive power constraints 
about the maximum reactive power that can be injected into the power 
system, iii) voltage amplitude and voltage phase constraints to ensure 
reliable operations of the system and iv) current constraints [14]. 

An EMS for a urban MG is formalized in [15] and furtherly developed 
in [16]. In these papers, the analysed MG is connected to a local dis
tribution network and is formed by interconnected loads (both 
controllable and non-controllable), RES generation and a centralized 
BESS. The EMS is based on a predictive control management, which 
relies on day ahead OPF analysis, in order to optimize the energy flows 

and provide ancillary services to the external network. 
An EMS for the optimal operation of a grid-connected building 

equipped with renewable generation and a fleet of Electric Vehicles 
(EVs) is presented in [17] and furtherly developed in [18]. The energy 
flows between the different units, the building and the network are 
optimized in order to minimize the operational costs, taking into ac
count both active and reactive energy exchanges and RES curtailment 
costs. 

Two EMSs for islanded hybrid MGs are compared in [19]. The pro
posed strategies enable the real time operation of the hybrid MG, always 
guaranteeing its correct operation. The first EMS strategy works by 
assigning a priority order, reflecting the dispatchment priority of the 
energy sources installed in the MG, with the aim of minimizing the 
operating costs. The second strategy is based on a centralized optimi
zation architecture: the aim is to minimize the marginal costs for each 
generation unit. Different scenarios are tested to help the power system 
operator obtain the optimal operation strategies of the MG. 

An optimal energy management model is presented in [20]. The 
facility is composed of a PV unit, a diesel generator and a BESS, for the 
supply of some critical loads in off-grid applications. 

A further formulation of EMS is proposed in [21], dealing with a 
hybrid MG, equipped with PV and WT units, a BESS and a connection to 
the external grid. The EMS aims to reduce the total energy cost and the 
storage utilization. The authors introduced a coefficient within the 
mathematical structure of the EMS, linking the amount of power dis
charged from the BESS to the electricity price from the main grid. 

A two-level optimization EMS applied to a multi-energy scenario 
considering electricity and hydrogen as energy vectors is studied in [22]. 
The designed EMS takes into consideration an objective function related 
to economic profitability and constraints referred to the availability of 
the sources and storage solutions, their reliability and the costs. One of 
the main contributions of the paper is to compare the possible ways of 

Nomenclature 

Acronym 
AC Alternating Current 
BESS Battery Energy Storage System 
CHP Combined Heat and Power 
DER Distributed Energy Resource 
EMS Energy Management System 
EV Electric Vehicle 
LCOE Levelized Cost of Electricity 
LF Load Flow 
MG Microgrid 
MILP Mixed-Integer Linear Programming 
MINLP Mixed-Integer Non Linear Programming 
OPF Optimal Power Flow 
PV Photovoltaic 
RES Renewable Energy Source 
WT Wind Turbine 

Symbol 
B Number of busses [-] 
C Capacity [kWh] 
E Energy [kWh] 
N Number of cycles 
S Base apparent power [kVA] 
T Number of time intervals [-] 
W,w,y Binary variable [-] 
a Apparent power [p.u.] 
l Length [km] 
p Active power [p.u.] 

q Reactive power [p.u.] 
r Resistance [p.u] 
soc State of Charge [-] 
u Voltage deviation [p.u.] 
v Voltage [p.u.] 
x Reactance [p.u.] 
Δ Time interval duration [h] 
α Capability curve coefficient [-] 
γ, μ Weight coefficient [-] 
δ Angle [rad] 
η Efficiency [-] 
ς Ramp rate [-] 
ρ Penalty [€/kVARh] 
σ Price[€/kWh] 
τ Curtailment cost [€/kWh] 

Superscript 
L Load 
T Transformer 
Av Available 
Ch Charging 
Curt Curtailed 
Dch discharging 
Q Reactive 
St Storage 

Subscript 
b,k bus 
t time  
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exploitation of the energy available in an industrial MG. 
In [23], an approach for the development of an EMS is proposed, 

optimizing both active and reactive power flows in a smart MG 
composed of residential loads, a BESS, a PV system, a micro gas turbine 
and a connection to the main power grid. The EMS objective is double: 
minimizing the cost of the generated power and reduce the CO2 emis
sions of the gas turbine. 

Reference [24] proposes a formulation of the optimal design and 
operation of a local energy community integrating electric mobility 
service, RESs and a BESS. The energy community exploits a local MG to 
exchange electricity between the participants. 

EMSs for the optimal scheduling of university MGs are proposed in 
[25] for islanded MG operations, in [26] with a heuristic approach and 
in [27–29] for a facility located in Italy with renewable generation from 
PV plant, geothermal heat pump and EV integration. 

An approach for the optimal management of multi-generation energy 
systems is proposed in [30], with a focus on the minimization of primary 
energy consumption and operating costs. 

Nevertheless, all the aforementioned studies are linked by the 
application of a single busbar model to the studied MGs: this is a main 
drawback, since single busbar model neglects all the voltage phenomena 
that may occur in a multi busbar network, disregarding the application 
of OPF equations and of voltage-related analyses. In fact, voltage drops 
actually occurring on MG cables are neglected and the optimization of 
active and reactive power flows to limit voltage deviation at busses is not 
proposed. 

An example of EMS including OPF equations is presented in [31], 
considering a multi busbar model of a power network to which con
ventional generation sources and RESs are connected. The authors 
propose different formulations of the objective function, considering 
either alternatively or together the minimisation of operating cost, of gas 
emissions, of power losses and of voltage deviations at the busses. 

In [32], different dispatching strategies for a multi busbar islanded 
MG located in Australia are proposed and tested, in order to optimize 
greenhouse gas emissions and the levelized cost of energy. 

The authors of [33] propose an optimal operation strategy for a 
droop-controlled islanded MG, composed of six busses to which PV 
plants, DERs and loads are connected, considering complete OPF 
equations. 

Similar application of full OPF equations can be found in [34], where 
a strategy for the optimal management of electrical and thermal re
sources is proposed, in presence of heat pumps, CHP units, renewable 
generation and a BESS. 

Nevertheless, the authors of the aforementioned studies either did 
not provide information about the structure of the employed OPF 
equations (see [32]) or did not deeply discuss the computational effort 
required by a non-linear model (see [31,33;34]), like the classical OPF 
model, and consequently not delivering an analysis about the possible 
computational benefits that might derive from a linearisation of the 
model. Besides, voltage optimization through the management of active 
and reactive power flows is again not considered and discussed, partially 
not exploiting the introduction of OPF equations and of multi busbar 
models. 

Starting from this state of art, the present paper proposes an EMS that 
ensures the optimal operation and scheduling of a polygenerative MG, 
modelled as a multi busbar grid, in order to minimize both economic and 
technical indicators (e.g. energy purchase costs, energy sale revenues, 
voltage deviation). The MG is connected to the medium voltage distri
bution network and is equipped with WTs, PV units, BESSs, a CHP unit 
and loads. Cables have been included in the electrical model of the 
network, with proper values of resistance and reactance, thus taking into 
account Load Flow (LF) equations. Capability curves, compliant with the 
current grid codes, have been modelled within the EMS to optimally 
manage reactive power flows, as well as via the introduction of costs 
related to RES curtailment and reactive power absorption from the 
external network. By running the EMS over 24 hours with a time 

resolution of 10 minutes, the optimal operation of the MG has been 
studied to evaluate the impact of different objective function formula
tions, taking into account economic and voltage indicators. 

Preliminarily to the analysis of the “full” MG, a study was conducted 
on a simplified version of the MG in order to gain some useful insights to 
be used for the development of the final EMS, like the possibility of 
linearising LF equations, in order to gain useful computational and 
resolution benefits. 

The novelty of the present work is the coupled optimization of active 
and reactive power flows, unlike other previous studies that propose a 
separate dispatchment of the two quantities (see [35,36]). Besides, 
another highlight of the present paper is the modelling of the MG as a 
multi busbar network, instead of the single busbar model commonly 
applied in literature. In addition, this paper preliminarily delivers an 
assessment of the linearisation of a model that in principle is nonlinear: 
in other words, the present paper analyses the deviation of the results 
obtained with linearised OPF equations from the ones obtained with full 
(nonlinear) OPF equations. 

Summarizing, the main contributions of the present paper are:  

• Detailed modelling of CHP units, BESSs and RES plants in terms of 
active and reactive power, with the possibility to apply RES 
curtailment;  

• Modelling of BESS charge and discharge phases taking into account 
ramp-up and ramp-down constraints and maximum number of cy
cles, in order to limit the aging of batteries and to represent the real- 
world behaviour of the system;  

• Comparison of full OPF equations with linearised OPF equations, 
providing a sensitivity analysis to assess the impact of the lineari
zation on the results and on the computational effort and to define 
the range of validity of the linearised approach as a function of the 
MG dimension;  

• Evaluation of the impact of RES penetration and BESS availability on 
bus voltages through a sensitivity analysis;  

• Definition of a complex objective function, considering operating net 
costs, related to the power exchange with the public network and to 
curtailment, reactive power dispatching priority for DER inverters 
and bus voltage deviation from rated values. 

This paper is structured as follows: Section 2 presents a detailed 
description of the optimization mathematical model that has been 
developed; Section 3 describes the technical input data that have been 
considered and the results, for both the simplified MG and the “full” MG, 
providing also sensitivity analyses considering increased penetration of 
RESs and the service outage of the BESS, to assess the impact on bus 
voltages. Finally, some concluding remarks, together with a discussion 
of possible future developments, are presented in Section 4. 

2. Methodology 

The EMS is based on a mathematical model characterized by a time 
horizon equal to 1 day split into T time intervals, each one having a 
duration of Δ. This section describes the main constraints used to model 
each technology and reports the adopted objective function, also high
lighting input data and parameters. The EMS, of day-ahead type, can be 
applied to daily operate an AC-MG with RES power plants, storage 
systems, CHP units and loads. It is assumed that the MG has a ring 
configuration with B busses and presents a unique point of common 
coupling with the medium voltage distribution network. Two version of 
the EMS are proposed, a first one based on a Mixed-Integer Linear 
Programming (MILP) model with linearized LF equations and a second 
one based on a Mixed-Integer Non-Linear Programming (MINLP) model 
with full LF equations. Powers and voltages are given “per unit” in the 
formulae, unless otherwise stated, and the assumed base power is called 
Sbase. 
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2.1. RES model 

The model assumes that at most one RES plant (i.e. PV plant, small 
WT, small hydro plant, etc.) can be connected to each bus b (b = 1…B). 
The main technical specification that characterizes the installation is the 
rated apparent power of the inverter associated with the plant, indicated 
by aRES

b . On the other hand, pRES,av
b,t indicates the average available active 

power that can be produced by the plant in time interval t (t = 1…T). 
The decision variables which describe the operation of the plant within 
the optimization model can be defined as follows:  

• qRES,out
b,t : supplied inductive reactive power;  

• qRES,in
b,t : absorbed inductive reactive power;  

• yRES,out
b,t : binary variable equal to 1 when the plant provides inductive 

reactive power to the MG;  
• yRES,in

b,t : binary variable equal to 1 when the plant absorbs inductive 
reactive power from the MG  

• pRES
b,t : active power output;  

• pRES,curt
b,t : curtailed active power. 

A rectangular capability curve is introduced to model the limits of 
the active and reactive power that the inverter can exchange, as pre
scribed by the Italian technical standards CEI-021 [37] for inverters 
connected to low voltage networks. An example of rectangular capa
bility curve is provided in Fig. 1. 

Constraints (1) are used to define the permissible active power values 
whereas constraints (2) and (3) refer to limits on the inductive reactive 
power supplied and absorbed, respectively. The coefficient αRES,q

b is 
typically provided by the inverter manufacturer and usually refers to 
technical standards. 

0 ≤ pRES
b,t ≤ aRES

b ∀t = 1…T, ∀b = 1…B (1)  

0 ≤ qRES,out
b,t ≤ αRES,q

b ⋅aRES
b ⋅yRES,out

b,t ∀t = 1…T,∀b = 1…B (2)  

0 ≤ qRES,in
b,t ≤ αRES,q

b ⋅aRES
b ⋅yRES,in

b,t ∀t = 1…T,∀b = 1…B (3)  

Constraints (4) ensure that the plant cannot simultaneously supply and 
absorb inductive reactive power, whereas constraints (5) and (6) permit 
to model curtailment, if the RES production has to be cut to keep the 
system safe. 

yRES,out
b,t + yRES,in

b,t ≤ 1 ∀t = 1…T,∀b = 1…B (4)  

pRES,av
b,t − pRES

b,t − pRES,curt
b,t = 0 ∀t = 1…T,∀b = 1…B (5)  

pRES,curt
b,t ≥ 0 ∀t = 1…T,∀b = 1…B (6)  

2.2. Grid model 

The MG is connected to the medium voltage distribution network via 
a transformer having a rated apparent power equal to aT and modelled 
by a squared capability curve in the MILP model and by a circular 
capability curve in the MINLP model. The decision variables which 
describe the power exchanged at time t between the MG and the dis
tribution network are:  

• pbuy
t : active power withdrawn from the network;  

• psell
t : active power injected into the network;  

• wbuy
t : binary variable equal to 1 when the MG is buying electricity;  

• wsell
t : binary variable equal to 1 when the MG is selling electricity;  

• qbuy
t : inductive reactive power withdrawn from the network;  

• qsell
t : inductive reactive power injected into the network;  

• ybuy
t : binary variable equal to 1 when the MG is absorbing inductive 

reactive power from the network;  
• ysell

t : binary variable equal to 1 when the MG is injecting inductive 
reactive power into the network. 

In the MILP model constraints from (7) to (9) define limits for active 
power whereas constraints from (10) to (12) set reactive power limits. In 

Fig. 1. Inverter capability curve for RES plants.  
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particular, constraint (9) prevents from buying and selling active energy 
at the same time, while constraint (12) does the same for reactive power. 

0 ≤ pbuy
t ≤ aT⋅wbuy

t ∀t = 1…T (7)  

0 ≤ psell
t ≤ aT⋅wsell

t ∀t = 1…T (8)  

wbuy
t +wsell

t ≤ 1 ∀t = 1…T (9)  

0 ≤ qbuy
t ≤ aT⋅ybuy

t ∀t = 1…T (10)  

0 ≤ qsell
t ≤ aT⋅ysell

t ∀t = 1…T (11)  

ybuy
t + ysell

t ≤ 1 ∀t = 1…T (12)  

In the MINLP model, constraints from (7) to (12) continue to apply but it 
is also necessary to include constraint (13) that defines the circular 
capability curve of the transformer, as presented in [18]. 
(
pbuy

t + psell
t
)2

+
(
qbuy

t + qsell
t
)2

≤
(
aT)2

∀t = 1…T (13)  

2.3. CHP model 

The EMS assumes that each CHP unit in the MG operates in thermal 
priority mode: therefore, the operation of the CHP unit is primarily 
defined in order to satisfy the thermal load. The electrical active power 
produced (pCHP

b,t ) follows accordingly, in accordance with the heat/power 
curve of the CHP unit: therefore, pCHP

b,t is assumed as input to the EMS, as 
the presented EMS does not model the thermal part of the MG. Conse
quently, the decision variables describing the operation at time t of the 
CHP unit connected to bus b are:  

• qCHP,out
b,t : supplied inductive reactive power;  

• qCHP,in
b,t : absorbed inductive reactive power;  

• yCHP,out
b,t : binary variable equal to 1 when the plant provides inductive 

reactive power to the MG;  
• yCHP,in

b,t : binary variable equal to 1 when the plant absorbs inductive 
reactive power from the microgrid. 

Constraints (14) and (15) set limits for reactive power while con
straints (16) ensure that the plant cannot simultaneously supply and 
absorb inductive reactive power; in (14) and (15), aCHP

b indicates the 
rated apparent power of the CHP unit. 

0 ≤ qCHP,out
b,t ≤ yCHP,out

b,t ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
aCHP

b

)2
−
(

pCHP
b,t

)2
√

∀t = 1…T,∀b = 1…B (14)  

0 ≤ qCHP,in
b,t ≤ yCHP,in

b,t ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
aCHP

b

)2
−
(

pCHP
b,t

)2
√

∀t = 1…T, ∀b = 1…B (15)  

yCHP,out
b,t + yCHP,in

b,t ≤ 1 ∀t = 1…T, ∀b = 1…B (16)  

2.4. Storage model 

The performance of the electrical storage system at bus b is charac
terized by both the maximum discharging power (pst,dch,max

b ) and the 
maximum charging power (pst,ch,max

b ), the maximum inductive reactive 
power that can be exchanged by the inverter (qst,out,max

b when injected 
and qst,in,max

b when absorbed) as well as by the rated capacity (Cst
b ) and the 

minimum and maximum values of state of charge, respectively indicated 

by socst,min
b and socst,max

b ; ast
b represents the nominal apparent power of the 

inverter associated with the storage system. The decision variables 
which are used to model the storage operation at time t are:  

• pst,dch
b,t : discharged active power;  

• pst,ch
b,t : charged active power;  

• wst,dch
b,t : binary variable equal to 1 when the storage is discharging;  

• wst,ch
b,t : binary variable equal to 1 when the storage is charging;  

• qst,out
b,t : supplied inductive reactive power;  

• qst,in
b,t : absorbed inductive reactive power;  

• yst,out
b,t : binary variable equal to 1 when the storage provides inductive 

reactive power to the MG;  
• yst,in

b,t : binary variable equal to 1 when the storage absorbs inductive 
reactive power from the MG;  

• Est
b,t: energy content of the battery [kWh]. 

Constraints (17) and (18) define the feasible values for active power 
while constraints (19) ensure that the charging and discharging phases 
cannot be simultaneous. Similar constraints are proposed for reactive 
power by (20)–(22). These operative constraints follow the prescriptions 
of CEI-021 Italian technical standard for inverter connected to the low 
voltage network [37]. 

0 ≤ pst,dch
b,t ≤ pst,dch,max

b ⋅wst,dch
b,t ∀t = 1…T, ∀b = 1…B (17)  

0 ≤ pst,ch
b,t ≤ pst,ch,max

b ⋅wst,ch
b,t ∀t = 1…T, ∀b = 1…B (18)  

wst,dch
b,t +wst,ch

b,t ≤ 1 ∀t = 1…T,∀b = 1…B (19)  

0 ≤ qst,out
b,t ≤ qst,out,max

b ⋅yst,out
b,t ∀t = 1…T, ∀b = 1…B (20)  

0 ≤ qst,in
b,t ≤ qst,in,max

b ⋅yst,in
b,t ∀t = 1…T,∀b = 1…B (21)  

yst,in
b,t + yst,out

b,t ≤ 1 ∀t = 1…T, ∀b = 1…B (22)  

The energy balance for the storage is reported in (23) while constraint 
(24) defines allowable values for state of charge. In (23), ηst,ch and ηst,dch 

respectively indicate the charging and discharging efficiency, both 
assumed constant. 

Est
b,t+1 = Est

b,t + Sbase⋅Δ⋅

(

pst,ch
b,t ⋅ηst,ch −

pst,dch
b,t

ηst,dch

)

∀t = 1…T − 1, ∀b = 1…B

(23)  

socst,min
b ⋅Cst

b ≤ Est
b,t ≤ socst,max

b ⋅Cst
b ∀t = 1…T, ∀b = 1…B (24)  

In order avoid disruptive behaviours of the storage system, with 
continuous alternation of charging and discharging phases that could 
possibly lead to a reduction of the battery lifetime, the number of 
charging and discharging cycles is limited during the day. The decision 
variables that describe the passage to charging/discharging mode are:  

• Wst,ch
b,t : binary variable equal to 1 if at time t there is a change of the 

operative state wst,ch
b,t of the BESS at node b, linked to the start or end 

of a charging phase, if compared to the previous time interval t-1;  
• Wst,dch

b,t : binary variable equal to 1 if at time t there is a change of the 

operative state wst,dch
b,t of the BESS at node b, linked to the start or end 

of a discharging phase, if compared to the previous time interval t-1. 
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A maximum number of charging cycles Nmax,ch and a maximum 
number of discharging cycles Nmax,dch are provided as data. 

Constraints (25) and (26) state that, if at time t-1 the BESS was either 
in idle mode or in discharging mode and at time t a charging cycle starts, 
the value of Wst,ch

b,t is increased to 1. If at the following time instant t + 1 

the BESS continues to be in charge, then Wst,ch
b,t+1 is equal to 0. If the 

charging cycle ends at the time interval t* (with t* > t + 1), then Wst,ch
b,t* is 

again equal to 1. The same procedure for the discharging phase is 
described by constraints (29) and (30). 

The limitation on the number of charging and discharging cycles is 
posed by (28) and (32). The multiplication by 2 is needed since for each 
charging cycle, Wst,ch

b,t takes value equal to 1 twice, one time at the 
beginning and one time at the end of the charge: the same for the dis
charging phase. 

Constraints (27) and (31) are used only to initialize the value of Wst,ch
b,t 

and Wst,dch
b,t at t = 1. 

Wst,ch
b,t ≥ wst,ch

b,t − wst,ch
b,t− 1 ∀t = 2…T,∀b = 1…B (25)  

Wst,ch
b,t ≥ wst,ch

b,t− 1 − w
st,ch

b,t
∀t = 2…T, ∀b = 1…B (26)  

Wst,ch
b,1 = Wst,ch

b,2 ∀b = 1…B (27)  

∑T

t=1

∑B

b=1

Wst,ch
b,t ≤ 2⋅Nmax,ch (28)  

Wst,dch
b,t ≥ wst,dch

b,t − wst,dch
b,t− 1 ∀t = 2…T,∀b = 1…B (29)  

Wst,dch
b,t ≥ wst,dch

b,t− 1 − w
st,dch

b,t
∀t = 2…T, ∀b = 1…B (30)  

Wst,dch
b,1 = Wst,dch

b,2 ∀b = 1…B (31)  

∑T

t=1

∑B

b=1
Wst,dch

b,t ≤ 2⋅Nmax,dch (32)  

Ramp-up and ramp-down limits for charging and discharging active 
power are also considered, as reported in (33) and (34), where ϛst,ch

b and 
ϛst,dch

b are constant coefficients representing the ramp-up and ramp-down 
rates in charging and discharging modes. 

pst,ch
b,t+1 − pst,ch

b,t ≤ ϛst,ch
b ⋅pst,ch,max

b ∀t = 1…T − 1,∀b = 1…B (33)  

pst,dch
b,t+1 − pst,dch

b,t ≤ ϛst,dch
b ⋅pst,dch,max

b ∀t = 1…T − 1,∀b = 1…B (34)  

In the MINLP model, constraints from (17) to (34) continue to apply but 
also constraints (35) need to be considered to model the circular capa
bility curve of the inverter coupled with the storage system that is simply 
assumed to be squared in the MILP model. 
(

pst,dch
b,t + pst,ch

b,t

)2
+
(

qst,out
b,t + qst,in

b,t

)2
≤
(
ast

b
)2

∀t = 1…T, ∀b = 1…B

(35)  

2.5. Load flow equations 

Full LF equations implemented within the MINLP model are reported 
by (38) and (39) whereas linearized LF equations used by the MILP 

model are shown in (40) and (41). pb,k,t is the decision variable used for 
active power flowing from bus b to bus k at time t, while qb,k,t is the 
decision variable representing reactive power flowing from bus b to bus 
k at time t. Other decision variables are the voltage module vb,t and the 
voltage phase δb,t . Parameters are given by the resistance (rb,k) and the 
reactance (xb,k) of the link connecting bus b to bus k. In detail, these two 
parameters are obtained starting from the per unit-length resistance 
rcable [Ω/km] and reactance xcable [Ω/km] of the cable, multiplied by lb,k 

[km], that is the length of the link between nodes b and k, and by a 
multiplicative coefficient w used to parametrically vary the length of the 
lines. 

rb,k = w⋅lb,k⋅rcable ∀b, k = 1…B (36)  

xb,k = w⋅lb,k⋅xcable ∀b, k = 1…B (37)  

pb,k,t =
rb,k

r2
b,k + x2

b,k
⋅v2

b,t − vb,t⋅vk,t ⋅
rb,k⋅cos

(
δb,t − δk,t

)
− xb,k⋅sin

(
δb,t − δk,t

)

r2
b,k + x2

b,k

∀t = 1…T,∀b, k = 1…B
(38)  

qb,k,t =
xb,k

r2
b,k + x2

b,k
⋅v2

b,t − vb,t⋅vk,t⋅
rb,k⋅sin

(
δb,t − δk,t

)
+ xb,k⋅cos

(
δb,t − δk,t

)

r2
b,k + x2

b,k

∀t = 1…T,∀b, k = 1…B
(39)  

pb,k,t =
rb,k

r2
b,k + x2

b,k
⋅
(
vb,t − vk,t

)
+

xb,k

r2
b,k + x2

b,k
⋅
(
δb,t − δk,t

)

∀t = 1…T,∀b, k = 1…B
(40)  

qb,k,t =
xb,k

r2
b,k + x2

b,k
⋅
(
vb,t − vk,t

)
−

rb,k

r2
b,k + x2

b,k
⋅
(
δb,t − δk,t

)

∀t = 1…T,∀b, k = 1…B
(41)  

Constraint (42) defines feasible operating range for bus voltages, in 
order to avoid strong overvoltage and undervoltage conditions that 
could affect the stability of the network. 

vmin
b ≤ vb,t ≤ vmax

b ∀t = 1…T, ∀b = 1…B (42)  

2.6. Power balances 

Constraint (43) represents the power balance equation for each bus 
of the microgrid except of bus 1, that is the point of common coupling 
with the distribution network, whose power balance is shown in (44). In 
(43), pL

b,t is the active power absorbed at time t by the load connected to 
bus b. Reactive power balance equations are reported in (45) and (46); 
qL

b,t represents the inductive reactive power absorbed by the load. 

pRES
b,t +pCHP

b,t +pst,dch
b,t − pst,ch

b,t − pL
b,t −

∑K

k=1

k∕=b

pb,k,t =0 ∀t=1…T,∀b=2…B (43)  

pbuy
t − psell

t − p1,2,t = 0 ∀t = 1…T (44)     
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qbuy
t − qsell

t − q1,2,t = 0 ∀t = 1…T (46)  

2.7. Objective function 

The objective function to be minimized is given by the sum of the 
following main terms: 

• electricity net costs, calculated as the difference between the elec
tricity purchase costs and the revenues related to the sale of elec
tricity to the distribution network;  

• costs associated with the penalties for reactive power absorbed from 
the distribution network;  

• curtailment costs of renewable power plants. 

The main input parameters adopted to calculate these costs are:  

• σbuy
t : electricity purchase price [€/kWh];  

• σsell
t : electricity selling price [€/kWh];  

• ρbuy
t : penalty for reactive power absorption [€/kVARh];  

• τRES,curt
b : curtailment cost of renewable power plants [€/kWh]. 

In (47) the objective function of the MILP model is reported split into 
the aforesaid components. It is possible to note that the objective 
function also includes other two terms: the first one related to the 
reactive power supplied and absorbed by generation units and storage 
systems, introduced to model a precedence criterion for reactive power 
exchange, and the second one taking into account the deviation of 
voltage values from 1. The first term considers a weight factor (μRES

b , μst
b ,

μCHP
b ) for each technology while the second term includes the decision 

variable ub,t, constrained by (48) and (49) and introduced to linearize 
|vb,t − 1|; γ is a weight factor chosen to a greater or lesser extent 
depending on the importance to be attached to the deviation of the bus 
voltage from the unit value. In the MINLP model constraints (48) and 
(49) are not present and the last term of the objective function is written 
as γ⋅

∑T
t=1
∑B

b=1
⃒
⃒vb,t − 1

⃒
⃒. 

obj = Δ⋅Sbase⋅
∑T

t=1

[
(
σbuy

t ⋅pbuy
t

− σsell
t ⋅psell

t
)
+
(
ρbuy

t ⋅qbuy
t
)
+

(
∑B

b=1
τRES,curt

b ⋅pRES,curt
b,t

)]

+Δ⋅Sbase⋅
∑T

t=1

×
∑B

b=1

[
μRES

b

(
qRES,in

b,t + qRES,out
b,t

)
+ μst

b

(
qst,in

b,t + qst,out
b,t

)
+ μCHP

b

(
qCHP,in

b,t

+ qCHP,out
b,t

) ]
+ γ
∑T

t=1

∑B

b=1

ub,t

(47)  

ub,t ≥ vb,t − 1 ∀t = 1…T,∀b = 2…B (48)  

ub,t ≥ − vb,t + 1 ∀t = 1…T, ∀b = 2…B (49)  

3. Results and Discussion 

This section presents the results of the study. It is divided into four 
subsections: the first two subsections present respectively the numerical 
values that have been chosen for the input quantities and the numerical 
results for the simplified network with 4 nodes, comparing the non- 
linearized and the linearized results in order to find which is the best 
approach. The third and the fourth subsections present the input data 
and the numerical results for the complete network, modelled with 
linearized equations. 

Before presenting the input data and the results, a flowchart of the 
method is provided (see Fig. 2), in order to enhance the reader’s 
comprehension. Starting from the input quantities, which include 
technical data about generation technologies and MG infrastructures, 
economic data about the exchange of active and reactive energy with the 
external network and load data regarding the active and reactive power 
demands, the EMS ensures the optimal operation of the MG, defining the 
optimal profiles of generation of PV and WT units, the optimal charging/ 
discharging profile of the BESS and the optimal active and reactive 
power flows between the nodes and between the MG and the external 
network. 

Fig. 2. Flowchart of the method.  

qRES,out
t − qRES,in

t +qst,out
b,t − qst,in

b,t
+qCHP,out

b,t − qCHP,in
b,t − qL

b,t −
∑K

k=1

k∕=b

qb,k,t =0 ∀t=1…T,∀b=2…B (45)   
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3.1. Input data – Simplified network 

Before showing the results for the simplified network, it is necessary 
to describe some numerical input data to facilitate the reader’s 
understanding. 

The considered simplified facility includes a PV plant, a load and a 
step-down transformer, connected on the primary side to the medium 
voltage grid. The topology of the network is represented in Fig. 3. 

The PV source features an inverter with a power rating of 200 [kVA]. 
The profile of the PV available active power generation has been esti
mated using the PVGIS Online Tool database [38]. 

The load has been characterized as a resistive-inductive load, with a 
peak absorbed active power equal to 200 [kW], working at nominal 
power factor equal to 0.9 and with a daily active energy absorption 
equal to 2574.1 [kWh]. 

The transformer’s rating is equal to 250 [kVA], with a trans
formation ratio of 15/0.4 kV/kV. The transformer is modelled as ideal. 

The length of Line 1–2 is 70 [m]; the length of Line 2–3 is 200 [m]; 
the length of Line 1–3 is 150 [m]. Cables have been modelled with 
unitary (per unit length) resistance and reactance respectively equal to 
0.096 [Ω/km] and 0.069 [Ω/km]. 

Voltage limits have been set as follows: vb,min=0.9 [p.u.] and vb,max =

1.1 [p.u.]. 
The unitary price for the purchase of active energy from the network 

σbuy
t has been put equal to 0.225 [€/kWh], constant for the whole day. 

The unitary cost of purchase of reactive energy from the network ρbuy
t 

has been considered equal to 0.049 [€/kVARh] during intermediate 
hours and peak hours and equal to 0 during off-peak hours (i.e. during 
the night). The unitary revenue deriving from the sale of electricity to 
the network σsell

t has been considered equal to 0.05 [€/kWh] and con
stant for the whole day. The curtailment cost for the PV source τRES,curt

b 
has been considered equal to the Levelized Cost of Electricity (LCOE) for 
the PV source, namely 0.128 [€/kWh] [39]. 

The optimization has been performed over a single day, with a time 

resolution of 10 minutes 
(

Δ = 1
6 [h]

)

. 

Both the linear and non-linear models have been implemented in 
Matlab R2022b/Yalmip (R20210331 release) environment [40]. The 
linear optimization problem has been modelled as a MILP problem and 
has been solved calling the Gurobi solver [41], whilst the MILNP 
problem has been solved calling the BONMIN solver [42]. Yalmip is a 
toolbox that can be added to Matlab, for the formalization and imple
mentation of optimization problems. Gurobi solver is able to solve 
Linear Programming (LP) problems, MILP problems and more complex 
problems up to Mixed-Integer Quadratically Constrained Programming 
(MIQCP) problems. BONMIN is an open-source solver for the resolution 
of MILNP problems. 

Some computational parameters are resumed in Table 1, considering 
three possible lengths of the lines, varying the coefficient w. 

As it is evident from the values reported in Table 1, the computa
tional times required for the solution of the linear model by Gurobi are 
basically negligible. On the other hand, BONMIN requires a long time to 
solve the non-linear problem, with an increasing computational effort in 
the scenarios in which lines are longer. 

The number of variables takes into account both continuous and 
binary variables. The number of constraints is made of the sum of the 
number of inequality and equality constraints. 

3.2. Results – Simplified network 

This subsection provides some numerical and graphical results for 
the simplified network, discussing how the results change depending on 
the chosen model (linear/nonlinear) and how they change with an 
increasing length of the lines. 

Considering the base length of the lines (i.e. w = 1), in Fig. 4 the daily 
trends of the voltage amplitudes are reported. Voltage amplitudes are all 
within the limits, being very close to 1 [p.u.]: in detail, the voltage 
amplitude at node 1 is constant at 1 [p.u.] because that node has been 
considered as the slack node; at node 2, undervoltage conditions are 
evident for the whole day, due to the presence of the load; at node 3 
overvoltage can be highlighted during the central hours of the day, due 
to the presence of PV generation, while during night undervoltage 
conditions are evident because in those hours the PV is not allowed to 
inject inductive reactive power to support the voltage. 

Fig. 5 shows the daily trend of the voltage phases at the three nodes. 
At node 1 the phase is blocked at 0 [deg], being node 1 the slack node. At 
the other two nodes, the phase variation is limited to some decimals of 
degree. 

In Fig. 6 and Fig. 7 the profiles of the active and reactive power 
flows over the three lines are presented. It is important to highlight 
that according to the linear model there is no difference between 
active and reactive power flows evaluated at the sending and receiving 
nodes (e.g. |Pij|=|Pji|). Looking at the results of the nonlinear model, it 
can be noted that at the sending node i, the active and reactive power 
flows that leave the node towards the receiving one are larger (in 
absolute value) than the ones obtained with the linear model, because 
full LF equations are considered. In any case, the deviation between 
linear and nonlinear results is minor. 

Finally, Fig. 8 reports the results of the EMS, showing a comparison 

Fig. 3. Simplified network topology.  

Table 1 
Computation parameters.   

Linear model Non-linear model 

Number of variables 6480 5230 
Number of constraints 4752 5406 
Computation time (w = 1) 0.59 s 350 s 
Computation time (w = 2) 0.57 s 397 s 
Computation time (w = 3) 0.58 s 446 s 
Computation time (w = 10) 0.60 s 681 s  
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between the two models. Focusing on the active power, the trend of PV 
production is the same, because the PV source is exploited as much as 
possible, with no curtailment. It is interesting to highlight that, ac
cording to the linear model, between 12 PM and 1 PM a small amount of 
energy is sold to the external network; this possibility is not highlighted 
in the non-linear model results because the implemented formulation 
takes into account the full LF equations, meaning that there is always the 
need of purchasing energy from the network. 

Looking at the reactive power trends, it can be highlighted that 
during the day in both EMS formulations the reactive power injection by 
the PV is limited at the maximum value, except of the central hour 
around 1 PM in which the request of reactive power from the load is 
reduced and therefore also PV reactive power injection is reduced. 
Similarly to the active power trend, the reactive power that has to be 
injected by the PV inverter and the reactive energy that has to be pur
chased from the external network are larger in the non-linear model 
rather than in the linear one, due to the deviation introduced by full LF 
equations. 

Table 2 presents the daily values of the main energy quantities for 
different scenarios in which the length of the lines has been increased, 

doubling and tripling the w coefficient. 
Table 3 highlights the percentage difference between the results of 

the linear and of the non-linear models. All the percentages deviations 
are calculated as in (50), where μ is a generic quantity and the subscripts 
NL and L stay for “non-linear” and “linear”. 

μ% = 100⋅
μNL − μL

μNL
(50) 

Table 2 lists the main energy results of the EMS, applied to the simple 
MG. Active and reactive energy requests of the load are input data. The 
PV never undergoes curtailment, in any considered scenario, meaning 
that the PV works always at the maximum power point. Quantities that 
depend on losses vary depending on the considered model (linear or 
nonlinear) and depending on the length of the lines. The amount of 
active and reactive energy withdrawn from the network and the amount 
of reactive energy injected by the PV unit reach the lowest values when 
considering the linear results, since losses are not considered. Similarly, 
the amount of active energy sold to the external network is maximum 
when considering a linear model. NCs are the lowest ones in the line
arized scenario. Besides, since in the linear model the active and reactive 

v1 v2 v3

Fig. 4. Voltage amplitudes trends at nodes 1, 2 and 3.  

1 2 3

Fig. 5. Voltage phases trends at nodes 1, 2 and 3.  
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power flows at the sending nodes and receiving nodes of a connection 
are equal in absolute value, the linear results do not change while 
increasing the lines’ length. On the other hand, in the non-linear model, 
increasing w there is a corresponding increase in the active and reactive 
energies that have to be purchased from the network, in order to 
compensate the increased losses that are proportional to the length of 
the lines. In the non-linear scenario, there is also a decrease of the sold 
energy when the length of the lines is doubled; for further increase of the 
lines’ length, active energy is no more sold. There is also an increase in 
the amount of reactive energy delivered by the PV: this energy is pro
vided during those hours in which the PV inverter is not saturated (see 
Fig. 8), so around 1 PM and in the early morning and late afternoon. NCs 
gradually increase due to the additional energy that has to be bought 
from the external network in order to compensate losses. 

Focusing on Table 3, it can be highlighted that the percentage de
viation of the linear results if compared to the non-linear ones is reduced 
for w = 1, being limited within less than the 3% (excluding sold active 
energy, for which the percentage deviation is very large due to the low 
absolute values of the two quantities): this means that the application of 

a MILP problem is effective in reducing the computational effort of the 
calculator, while granting a satisfactory accuracy of the results, with a 
reduced deviation between the nonlinear and the linear results. This 
accuracy is slightly reduced when considering larger values of w, being 
the linear results’ deviation from the non-linear ones anyway limited 
within the 8%. Strongly increasing the length of the lines up to 10 times 
the original one, the deviation becomes unacceptable, upcoming the 
25% for the amount of reactive energy bought from the network. 

In conclusion, the linearization of the LF equations gives acceptable 
results when the length of the lines is limited to 3 times the original 
length (<1km), which reflects the typical size of MG. When the length of 
the lines is increased ten-fold, the deviation between the linear and the 
non-linear results become unacceptable and therefore the linearization 
of LF equations is no more useful and effective. 

Starting from these considerations, the EMS for the optimal opera
tion of the “Full” network, whose results are presented in Section 3.3 and 
Section 3.4, has embedded in its mathematic formulation the linearized 
version of the LF equations, being the length of the lines limited and in 
order to reduce the computational effort. 

P12

P21

P13

P31

P23

P32

Fig. 6. Active power flows on the three lines.  

Fig. 7. Reactive power flows on the three lines.  

M. Fresia et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 23 (2024) 100598

11

3.3. Input data – “Full” network 

In this subsection, a description of the “full” MG topology is pro
vided, along with the presentation of the major technical input data. The 
MG is modelled as a multi-busbar network. At each node different 
technologies are installed. Globally, electric loads, PV units, a WT, a 
BESS and a CHP unit are present in the MG. The connection of the MG to 
the external medium voltage network is granted by a step-down trans
former. Fig. 9 graphically defines the nodes at which each technology is 
connected. 

The PV sources installed at nodes 3, 5 and 6 feature inverters with a 
power rating respectively of 26 [kVA], 100 [kVA] and 14 [kVA]. The 
profile of the PV available active power generation has been determined 
by the PVGIS Online Tool database [38]. 

The WT installed at node 4 is equipped with an inverter whose rating 
is equal to 10 [kVA]. The profile of the wind speed has been estimated 

using the PVGIS Online Tool database. A generic power curve for a 
vertical-axis WT has been considered in order to find the active power 
production profile. 

RESs are exploited not only to generate active power but also to 
satisfy the reactive power request of the load, thanks to the reactive 
power exchange capability of the inverters: in addition, by adjusting 
their reactive power injection/absorption, they provide voltage regula
tion at the node at which they are connected, even during night [43 44]. 

The CHP active power production profile has been obtained 
assuming a thermal load to be satisfied, in thermal priority mode. 
Therefore, the active power production is proportional to the thermal 
power production. Profiles derive from real data, measured at the 
Savona Campus facility of the University of Genoa [39]. The peak power 
provided by the CHP is equal to 18 [kW]. CHP inverter is able to ex
change reactive power, following a semi-circular capability curve. 

The BESS installed at node 5 has a capacity equal to 360 [kWh], with 
a maximum charging/discharging power of 50 [kW]. The inverter of the 
BESS is able to exchange reactive power, up to 50 [kVAR]. A squared 
capability curve has been considered, meaning that active and reactive 
power exchanges are independent on each other. socst,min

b is chosen equal 
to 10% and socst,max

b equal to 100%. Nmax,ch and Nmax,dch are set equal to 4 
each, meaning that only two charging cycles and two discharging cycles 
are allowed. The coefficients ϛst,ch and ϛst,dch that limit the charge and 
discharge power are equal to 10%. 

The loads have been characterized as resistive-inductive loads, with 
a peak absorbed active power equal to 63 [kW] for load installed at node 
3 and 30 [kW] at node 6, working at nominal power factor equal to 0.9. 

Fig. 8. Active and reactive power injections for linear and non-linear models.  

Table 2 
Comparison of energy quantities and NCs with linear and non-linear models, varying w.  

Energy quantities and NCs [–] w = 1 w = 2 w = 3 w = 10 

L NL L NL L NL L NL 

Load active energy demand [kWh] 2574.1 2574.1 2574.1 2574.1 2574.1 2574.1 2574.1 2574.1 
Load reactive energy demand [kVARh] 1246.7 1246.7 1246.7 1246.7 1246.7 1246.7 1246.7 1246.7 
PV active energy production [kWh] 956.13 956.13 956.13 956.13 956.13 956.13 956.13 956.13 
PV curtailed active energy [kWh] 0 0 0 0 0 0 0 0 
PV reactive energy production [kVARh] 905.99 911.47 905.99 916.72 905.99 921.54 905.99 947.11 
Bought active energy [kWh] 1620.30 1639.10 1620.30 1660.22 1620.30 1681.03 1620.30 1839.22 
Sold active energy [kWh] 2.33 1.33 2.33 0.45 2.33 0 2.33 0 
Bought reactive energy [kVARh] 340.70 350.18 340.70 360.02 340.70 370.48 340.70 458.61 
NCs [EUR] 365.81 370.85 365.81 375.74 365.81 380.84 365.81 420.00  

Table 3 
Percentage deviation between linear and non-linear results, varying w.  

Energy quantities and NCs [–] w = 1 w = 2 w = 3 w = 10 

PV active energy production [%] 0 0 0 0 
PV curtailed active energy [%] 0 0 0 0 
PV reactive energy production [%] 0.60 1.17 1.69 4.34 
Bought active energy [%] 1.21 2.41 3.61 11.9 
Sold active energy [%] 271.42 626.06 N/C1 N/C1 

Bought reactive energy [%] 2.71 5.37 8.04 25.7 
NCs [%] 1.36 2.64 3.95 12.9  

1 N/C because in the non-linear results, the sold active energy is equal to 0. 
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The daily active energy absorptions are equal respectively to 795 [kWh] 
and 418 [kWh]. 

The transformer’s rating is equal to 250 [kVA], with a trans
formation ratio of 15/0.4 [kV/kV], a short-circuit voltage equal to 4% 
and losses equal to 3.4 [kW]. 

The length of Line 2–3 is 75 [m]; the length of Line 2–6 is 300 [m]; 
the length of Line 3–4 is 150 [m]; the length of Line 4–5 is 150 [m]; the 
length of Line 5–6 is 75 [m]. 

Cables have been modelled with unitary (per unit length) resistance 
and reactance respectively equal to 0.250 [Ω/km] and 0.083 [Ω/km]. 

Voltage limits have been set as follows: vb,min=0.9 [p.u.] andvb,max =

1.1 [p.u.]. 
The unitary price for the purchase of active energy from the network 

σbuy
t has been considered variable during the day: it is equal to 0.32 

[€/kWh] during peak hours, 0.26 [€/kWh] during off-peak hours and 
0.30 [€/kWh] during intermediate hours. The unitary price for the 
purchase of reactive energy from the network ρbuy

t has been put equal to 
0.049 [€/kVARh] during the central hours of the day and equal to 
0 during off-peak hours (i.e. during night), while the unitary revenue 
deriving from the sale of electricity to the network σsell

t has been 
considered equal to 0.12 [€/kWh]. The two latter prices are considered 
constant for the whole day. Curtailment costs for RESs τRES,curt

b are 
considered equal to the LCOE of the different sources, respectively 0.6 
[€/kWh] for the wind source and 0.128 [€/kWh] for the PV source [39]. 

In order to define a dispatching priority for reactive power provision, 
coefficients μRES

b , μst
b and μCHP

b have been chosen such that 
μCHP

b < μRES
b < μst

b . Their value is very small, so that the impact on the 
objective function is low. 

The optimization has been performed over a single day, with a time 

resolution of 10 minutes 
(

Δ = 1
6 [h]

)

. 

The MILP problem has been implemented in Matlab R2022b/Yalmip 
(R20210331 release) environment [40], solved calling the Gurobi solver 
[41]. Having a linear formulation, the computational time required for 
the solution of the model is basically negligible. 

The number of variables is equal to 13102, taking into account both 
continuous and binary variables. The number of constraints is made of 
the sum of the number of inequality and equality constraints and is equal 
to 19292. 

3.4. Results – “Full” network 

This subsection provides some numerical and graphical results for 
the full network. Different objective function formulations have been 
considered: first, the objective function aims to minimize the operating 
costs of the MG ("EMS 1"); then, a term is added to try to minimize the 
voltage deviation from the rated value ("EMS 2"). Energy and cost 
quantities will be discussed in the subsubsection 3.4.5, comparing the 
results of different objective function formulations. 

Fig. 9. “Full” network topology.  

Fig. 10. “Full” EMS results – Active power – Base scenario – EMS 1.  
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3.4.1. Minimization of operating costs of the MG 
This subsubsection analyses the results of the EMS taking into ac

count in the objective function only the operating costs, related to the 
purchase and sale of active and reactive energy, and the curtailment 
costs. In this case, the weight coefficient γ has been set equal to 0. 

Fig. 10 and Fig. 11 report the results of the EMS, showing the optimal 
active and reactive power productions of the sources installed in the MG. 

The active power production of the CHP is fixed because the unit 
works in thermal priority mode, meaning that once the thermal dis
patchment is performed, the electrical active power generation profile is 
determined. During the night the CHP unit is not working, therefore its 
active power production is 0. Wind power production profile follows the 
trend of the source’s availability, with no curtailment. The load profile is 
given by the sum of the active power demand at node 3 and node 6. The 
PV production profile is given by the sum of the three productions of the 
PV units at node 3, 5 and 6. Again, curtailment is not applied. Active 
energy is purchased from the external network especially during the 
early morning and the evening, when the price of electricity is low. 
During the night and the early morning, that energy is used both to 
satisfy the electric load, along with the WT production, and to charge the 
BESS. BESS is charged also during the central hours of the day in order to 
avoid PV curtailment. BESS is discharged around from 7 AM to 10 AM, 
when the price of electricity starts to increase and the PV production is 
still low; BESS is discharged also during the late afternoon and the 

evening. 
Considering reactive power, a priority order has been set by the 

authors in order to dispatch the inductive-reactive power exchange of 
the different sources’ inverters. The first source to provide reactive 
power is the CHP unit, then the PV units and finally the WT, that closes 
the balance. In this way, reactive power is never bought from the 
network. 

The ON/OFF status of the DER units and of the exchange with the 
network is reported in Fig. 12. 

Fig. 13 and Fig. 14 show the trends of active and reactive power 
flows between nodes. Focusing on active power, the flow across the 
transformer is positive during the early morning, the evening and the 
night, due to the need of purchasing active energy. During the central 
part of the day, no active energy is purchased from the network and 
therefore the flow across the transformer is 0. The flow between node 2 
and node 3 is always positive, because at node 3 a large load in installed. 
P3,4 and P4,5 are positive during the night and early morning because 
power is required at node 5 for the charging of the BESS. For the same 
reason, P6,2 is negative in the first hours of the day. During the central 
hours of the day, P3,4 and P4,5 become negative, so the flow is directed 
towards node 3 to satisfy the therein-located demand: for the same 
reason P6,2 becomes positive, in order to feed load 3 exploiting the ring 
configuration of the MG. P5,6 is negative up to 6 AM, when the battery 
requires power to be charged. Then, during the central and final part of 

Fig. 11. “Full” EMS results – Reactive power – Base scenario – EMS 1.  

Fig. 12. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – Base scenario – EMS 1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the day, thanks to the PV production and to the BESS discharge, this 
power flow is always positive and directed towards node 6, satisfying the 
local load and partially moving towards node 2, exploiting the ring 
configuration of the MG. 

Reactive power flows have instead a fluctuating trend, becoming 
either negative or positive during the day. Q1,2 is always 0 because 
reactive energy is never purchased from the external network, since the 
satisfaction of the reactive power demand is shared among the inverters 
installed in the MG. 

Fig. 15 and Fig. 16 report the trends of voltage modules and phases at 
each node. 

Voltage modules lay within a range quite close to 1, far from upper 
and lower bounds: in particular, at node 5 the largest voltage deviation 
can be highlighted, both in under-voltage conditions (0.98 [p.u.]) and in 
over-voltage conditions, reaching 1.01 [p.u]. During the night and the 
early morning, voltage modules at nodes 4, 5 and 6 drop down since the 
storage installed at node 5 is in charging mode, behaving like a load. 
During the central hours of the day, on the other hand, voltage modules 
at these nodes go beyond 1 [p.u.]: at node 5, the BESS discharges and PV 

injects large amount of active power; at nodes 6, besides of the presence 
of a PV plant, the voltage rises due to the incoming active power flow 
from node 5. For the same reason, v4 rises due to the local WT production 
and due to the incoming active power flow from node 5, that flows 
through node 4 towards node 3, where a large load is installed. v3 is 
always below 1 [p.u.], due to the action of the load. v2 is reduced if 
compared to v1 due to the voltage drop across the transformer. 

Voltage phases are always very close to 0, thus laying in an accept
able interval. 

3.4.2. Minimization of operating costs of the MG + Minimization of voltage 
deviation 

This subsubsection analyses the results of the EMS taking into ac
count in the objective function both the operating costs, related to the 
purchase and sale of active and reactive energy and to curtailment costs, 
and the minimization of voltage deviation. The weight coefficient γ has 
been set equal to 10, such that the terms of the objective function lay in 
the same order of magnitude. 

The results of the EMS are presented in Fig. 17 and Fig. 20, showing 

P1,2 P2,3 P3,4

P4,5 P5,6 P6,2

Fig. 13. "Full" EMS results – Active power flows on the lines – Base scenario – EMS 1.  

Q1,2 Q2,3 Q3,4

Q4,5 Q5,6 Q6,2

Fig. 14. "Full" EMS results – Reactive power flows on the lines – Base scenario – EMS 1.  

M. Fresia et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 23 (2024) 100598

15

v1 v2 v3

v4 v5 v6

Fig. 15. "Full" EMS results – Voltage amplitudes at nodes 1, 2, 3, 4, 5 and 6 – Base scenario – EMS 1.  

1 2 3

4 5 6

Fig. 16. "Full" EMS results – Voltage phases at nodes 1, 2, 3, 4, 5 and 6 – Base scenario – EMS 1.  

Fig. 17. “Full” EMS results – Active power – Base scenario – EMS 2.  
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the optimal active and reactive power productions of the sources 
installed in the MG. 

CHP and load active power profiles are the same as in the previous 
scenario. The PV production profile is given by the sum of the three 
productions of the PV units at node 3, 5 and 6. As it is shown in Fig. 18, 
the PV installed at node 5 undergoes curtailment for almost the whole 
day (except of the morning), in order to reduce overvoltages at node 5. 
The BESS is charged only during the central portion of the day and not 
during the night, in order to reduce the nightly voltage drop at node 5, 
while contributing to smooth the voltage increase, related to PV pro
duction during day-light hours. On the other hand, BESS is discharged 
from 12 AM to 8:30 AM and from 5 PM to 12 AM in order to reduce the 
purchase of active energy from the external network, while supporting 
the voltage at the installation node. Nevertheless, in order to reduce the 

voltage deviation at the busses, active energy is always purchased from 
the external network during the day. 

The ON/OFF status of the DER units and of the exchange with the 
network is presented in Fig. 19. 

Considering reactive power, the same priority order has been 
considered. It can be highlighted that the provision of reactive power by 
CHP and PV units is almost the same, with a small increase for the PV 
source. In fact, the WT inverter’s contribution is reduced in time, ending 
earlier than in the previous case: during these hours, the WT injection 
reduction is compensated by an increase of the PV injection. In order to 
support the voltage, some reactive energy has to be purchased from the 
network around 5 AM and between 11 PM and 12 AM, when it is free. 

Fig. 21 and Fig. 22 show the trends of active and reactive power 
flows between nodes. Focusing on active power, the flow across the 

Fig. 18. "Full" EMS results – RES power distribution – Base scenario – EMS 2 – In the positive direction of the vertical axis, the available power is reported. In the 
negative direction, the actual production of the sources and the curtailed power are reported, for each time interval. Negative values are used only for a comparison, 
being physically meaningless. 

Fig. 19. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – Base scenario – EMS 2. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 20. “Full” EMS results – Reactive power – Base scenario – EMS 2.  

P1,2 P2,3 P3,4

P4,5 P5,6 P6,2

Fig. 21. "Full" EMS results – Active power flows on the lines – Base scenario – EMS 2.  

Q1,2 Q2,3 Q3,4

Q4,5 Q5,6 Q6,2

Fig. 22. "Full" EMS results – Reactive power flows on the lines – Base scenario – EMS 2.  
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v1 v2 v3

v4 v5 v6

Fig. 23. "Full" EMS results – Voltage amplitudes trends at nodes 1, 2, 3, 4, 5 and 6 – Base scenario – EMS 2.  

Fig. 24. "Full" EMS results – Voltage phases trends at nodes 1, 2, 3, 4, 5 and 6 – Base scenario – EMS 2.  

Fig. 25. “Full” EMS results – Active power – BESS out of service – EMS 1.  
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transformer is always positive, since for the whole day there is always 
the need of purchasing active energy. The flow between node 2 and node 
3 is still always positive too, due to the large load installed at node 3. In 
this scenario, the active power flow P3,4 is always negative, meaning that 
it is directed towards node 3. P4,5 is negative during the central hours of 
day, when the production of the PV unit at node 5 is high and so the 
power flow is directed towards node 3; during the late night it becomes 
positive to feed the load at node 6 and to charge the BESS at node 5. P5,6 
is always positive as in the previous results, because either the BESS or 
the PV at node 5 are injecting active power. P6,2 is negative for the whole 
day so, differently from the previous scenario, in order to limit the 
voltage deviation active power comes directly also from the transformer 
to satisfy the load at node 6. 

Reactive power flows follow more or less the same trend, with the 
exception of Q5,6 that takes much more limited values, if compared to 
the previous scenario, and of Q3,4 that is reduced when the voltage de
viation at each node is minimized. Q4,5 is slightly modified, too. Q1,2 is 
no longer equal to 0 but becomes positive during the hours in which 
there is the need of purchasing reactive energy from the network to 
support the voltage. 

Fig. 23 and Fig. 24 finally report the trends of voltage modules and 
phases at each node. Voltage modules are now much closer to 1, if 
compared to the previous scenario. The lowest voltage is reached at 
node 3, where a large load is installed. At node 6 the voltage drop is 
more visible that at other nodes, due to the presence of another load. For 
all the nodes, the voltage drop is anyway reduced if compared to the 
results of the EMS minimizing only the operating costs. 

Voltage phases are always very close to 0 [deg], thus laying in an 
acceptable interval. 

3.4.3. BESS impact on MG operations 
This subsubsection has the aim of analysing the impact of the BESS 

on the MG operation, considering a possible scenario in which BESS is 
out of service for maintenance reasons. The RES production is consid
ered equal to the one in the Base Scenario. 

3.4.3.1. Minimization of operating costs of the MG. The optimal active 
power dispatching results relevant to the objective function formulation 
taking into account only the operating costs of the MG, with the BESS 
out of service, are shown in Fig. 25. It is evident that during the night 
and the early morning, power is withdrawn from the external network 
just to meet the load. During the central hours of the day, the large PV 
production is used to satisfy the demand and the excess power is sold to 
the network. Again, during the evening, the external network has to 

provide the power needed to satisfy the load, in order to meet the de
mand, since WTs and CHP are not able by their own to provide the 
needed active power. Comparing Fig. 10 and Fig. 25, it is evident that 
the lack of the BESS does not allow to store energy coming from the 
distribution network during off-peak hours or from the PV during the 
central hours of the day, leading to a possible increase of operating costs. 
Curtailment is not applied to RES generators. 

The ON/OFF results for DER units and for the exchange with the 
external network are reported in Fig. 26. 

Reactive power dispatchment is not influenced by the unavailability 
of the BESS, since even in the base scenario it is not providing reactive 
power. 

Looking at the voltage modules’ profiles, shown in Fig. 27, it can be 
noted that they all lay within acceptable ranges, close to 1 [p.u.]. 
Overvoltages are evident during the central hours of the day due to the 
large PV production. Undervoltages can be found during early morning 
and the evening, when generation is close to 0 and almost all the power 
to satisfy the demand is withdrawn from the network. 

Active power flows are reported in Fig. 28. It can be seen that the 
active power flow between busses 1 and 2, coinciding with the power 
exchanged with the external network, is positive during the morning 
and the evening, meaning that power has to be withdrawn from the 
external network, and is negative during the central hours of the day, 
when the surplus RES production is exported. The PV plant installed at 
bus 5 is a large plant, therefore power flows from its bus towards busses 
with load and towards the external network: in fact, P5,6 and P6,2 are 
positive and P4,5 and P3,4 are negative. The difference between P4,5 and 
P3,4 is given by the WT production, while the difference between P3,4 
and P2,3 is given by the balance at node 3 between the local PV unit, CHP 
unit and load. 

Reactive power flows are not modified since the unavailability of the 
BESS since even in the base scenario it is not providing reactive power. 

3.4.3.2. Minimization of MG costs + Minimization of voltage deviation. 
The optimal active power dispatching results are presented in Fig. 29 
and Fig. 30. From Fig. 30 it is possible to note that the PV plant at bus 5 
undergoes curtailment during the central hours of the day in order to 
avoid overvoltages. Consequently, along with the absence of the BESS, 
for large part of the day power has to be withdrawn from the external 
network. ON/OFF dispatching statuses are presented in Fig. 31. 

As in the previous subscenario, reactive power dispatching is not 
affected by the unavailability of the BESS. 

Voltage amplitude trends are depicted in Fig. 32. The unavailability 
of the BESS is detrimental for the voltage support capacity of the MG: in 

Fig. 26. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – BESS out of service – EMS 1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

M. Fresia et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 23 (2024) 100598

20

Fig. 27. “Full” EMS results – Voltage amplitudes at nodes 1,2,3,4,5 and 6 – BESS out of service – EMS 1.  

Fig. 28. “Full” EMS results – Active power flows on lines – BESS out of service – EMS 1.  

Fig. 29. “Full” EMS results – Active power – BESS out of service – EMS 2.  
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fact, it is evident that around 7 AM and 7 PM undervoltage conditions 
occur, due to the reduced RES production and to the fact that almost all 
the power to satisfy the demand is withdrawn from the network. 

Active power flows are reported in Fig. 33. P1,2 and P2,3 are always 
positive, since for the whole day there is the need of purchasing energy 
from the network. P4,5 and P5,6 are respectively negative and positive 
during the central hours of the day, to provide the production of the PV 
plant at bus 5 to busses 6 and 3, where the loads are located. During the 
early morning and the evening, power is provided to the load at bus 6 
both directly from bus 2 (i.e., when P6,2 is negative) and through busses 
3–4-5 (P2,3, P3,4, P4,5, P5,6 are simultaneously positive). Reactive power 
flows are not modified since the unavailability of the BESS since even in 
the base scenario it is not providing reactive power. 

3.4.4. RES penetration impact on MG operations 
This subsubsection provides the results of a sensitivity analysis car

ried out to investigate the effect of RES penetration on the operations of 
the MG. In particular, the available energy for the PV plants at busses 3 
and 6 and for the WT plant at bus 4 is doubled if compared to the base 
scenario presented in 3.4.1 and 3.4.2. Since the optimal design pro
cedure is considered to be already performed, the production of the PV 
power plant at node 5 is not increased since it could lead to the violation 
of cables’ capacity. BESS is considered to be in service. 

3.4.4.1. Minimization of MG costs. The results of the EMS for active 
power dispatching are presented in Fig. 34. As it can be noted, the 
increased RES availability allows to sell some energy to the external 
network during the central hours of the day, along with the charging of 

Fig. 30. "Full" EMS results – RES power distribution – BESS out of service – EMS 2 – In the positive direction of the vertical axis, the available power is reported. In 
the negative direction, the actual production of the sources and the curtailed power are reported, for each time interval. Negative values are used only for a 
comparison, being physically meaningless. 

Fig. 31. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – BESS out of service – EMS 2. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 32. “Full” EMS results – Active power flows on lines – BESS out of service – EMS 2.  

Fig. 33. “Full” EMS results – Active power flows on lines – BESS out of service – EMS 2.  

Fig. 34. “Full” EMS results – Active power – Increased RES penetration – EMS 1.  
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the BESS to increase the self-consumption of the facility. Besides, the 
increased WT production, combined with the discharging of the BESS, 
allows to avoid the purchase of energy from the external network during 
the evening: energy is purchased only during the early morning when 
the price of electricity is low, just to satisfy the demand. Besides, during 
the last time intervals, the BESS is charged, avoiding curtailment of the 
WT source. 

The ON/OFF status of the DER units and of the exchange with the 
network is reported in Fig. 35. 

Voltage amplitudes at the MG busses are presented in Fig. 36. The 
increased RES penetration allows to smooth the undervoltage issues that 
were evident in the base scenario. On the contrary, overvoltage trends 
become more evident during the central hours of the day at all the nodes, 
due to the higher active power injection by RES generators. 

Active power flows, reported in Fig. 37, are strongly modified, given 
the surplus of RES energy during the central hours of the day: in fact, if 
compared to the base scenario, the active power flow from node 1 to 
node 2 (i.e., the exchange with the external network) is still positive but 
closer to 0 during the early morning and the late evening, when there is 
the need of withdrawing energy from the network, whilst it becomes 

negative during the central hours of the day, when selling the surplus of 
RES production. The same trend can be highlighted for the active power 
flow from bus 2 to bus 3. Besides, if compared to the base scenario, the 
active power flows P3,4 and P4,5 become negative or at least 0 during the 
early morning (around 4 AM), since the battery is no more charged at 
that time. For the same reason, P6,2 becomes closer to 0 in the same time 
intervals. 

3.4.4.2. Minimization of MG costs + Minimization of voltage deviation. 
The results referred to the scenario with increased RES penetration, 
taking into account in the objective function both the minimisation of 
costs and the minimisation of the voltage deviation from the rated values 
are shown below. 

The active power dispatching results are reported in Fig. 38. 
Compared to the scenario proposed in 3.4.4.1, the need for minimization 
of voltage deviation at the busses introduces substantial changes in the 
dispatching of the units. First, as it can be noted also from Fig. 39, the PV 
plant at node 5 undergoes curtailment during basically the whole day, to 
avoid overvoltage issues. In order to support the voltage, the BESS dis
charges from midnight until around 9 AM, when it reaches the minimum 

Fig. 35. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – Increased RES penetration – EMS 1. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 36. “Full” EMS results – Voltage modules at nodes 1,2,3,4,5 and 6 – Increased RES penetration – EMS 1.  

M. Fresia et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 23 (2024) 100598

24

state of charge. Then, the BESS is charged exploiting surplus PV energy, 
trying to reduce the curtailment of the PV plant at node 5 until 4PM, 
when it discharges again to support the voltage. Finally, during the late 
evening it is charged again. Active power is withdrawn from the external 
network for the whole day, again to support voltage. The ON/OFF status 
of the DER units and of the exchange with the network is shown in 
Fig. 40. 

Voltage amplitude profiles at the MG busses are reported in Fig. 41. 
Due to the formulation of the objective function, voltage modules are 
very close to 0 at all busses. The only significant undervoltage behav
iours can be seen at busses 3 and 6 where the loads are installed and at 
bus 5 where the BESS is installed, for the hours in which it works in 
charging mode. 

Finally, the active power flows are reported in Fig. 42. If compared to 
the results shown in 3.4.4.2, it can be noted that the flow P1,2 is always 
positive, meaning that there is no sale of electricity to the network. It is 
interesting to note that P5,6 assumes values close to 0 during the central 
hours of the day, meaning that all the power produced by the local PV 
plant is absorbed by the BESS. 

3.4.5. Comparison of energy and economic indicators 
In this part, a comparison between the results obtained with the two 

formulations of the objective function will be presented, discussing the 

main differences and the main advantages of each one. Table 4 reports 
the main energy and economic quantities that have been obtained. The 
three considered scenarios are reported: the Base Scenario, the scenario 
with the BESS out of service and the scenario with increased RES 
penetration. “EMS 1” refers to the EMS’s results considering only the 
minimization of costs, whilst “EMS 2” refers to the results of the EMS 
that minimizes both the costs and the voltage deviation. 

Considering the two EMS formulation applied to the Base Scenario, 
NCs undergo a 42% increase, if the voltage deviation has also to be 
minimized. In this case, BESS energy exchange with the MG is almost the 
same, with a slight reduction: together with the fact that the charging 
phase is concentrated only during the central hours of the day, the 
behaviour of the BESS is optimized to keep the nodal voltages close to 
the rated value. For the same reason, PV undergoes curtailment: the 
amount of curtailed energy is equal to the 10% of the overall available 
one. For WT curtailment is basically negligible. For the purpose of 
voltage deviation minimization, a larger amount of active energy has to 
be withdrawn from the external network, with a 24.5% increase. As 
previously explained, also the reactive energy provision is distributed 
differently among the different sources. 

Since the nodal voltages are already close to 1 in the results of “EMS 
1”, with the largest deviation corresponding to a module of about 0.98 
[p.u.], the increase in NCs that arises in “EMS 2” may not be acceptable. 

Fig. 37. “Full” EMS results – Active power flows on lines – Increased RES penetration – EMS 1.  

Fig. 38. “Full” EMS results – Active power – Increased RES penetration – EMS 2.  
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Besides, in “EMS 2” PV source is not fully exploited due to curtailment. 
Therefore, in small MGs with short distances between busses, the first 
formulation of the objective function is effective enough in optimizing 
the operations of the facility, both from a technical and an economic 
point of view. 

Comparing the Base Scenario with the scenario in which the BESS is 
out of service, it can be noted that when the optimal dispatching of the 

sources is aimed at minimizing the operating costs, the RES production 
is sold when in excess and active power is withdrawn from the external 
network when the generation of the MG is not able to meet the demand. 
Operating costs are increased of 39% if compared to the Base Scenario 
with the same objective. 

When the objective function takes also into account the minimization 
of voltage deviation, massive curtailment has to be applied to the PV 

Fig. 39. "Full" EMS results – RES power distribution – Increased RES penetration – EMS 2 – In the positive direction of the vertical axis, the available power is 
reported. In the negative direction, the actual production of the sources and the curtailed power are reported, for each time interval. Negative values are used only for 
a comparison, being physically meaningless. 

Fig. 40. “Full” EMS results – ON/OFF status of the units and of the network. Blue means that in that time interval the unit is ON or that the relevant exchange is 
different from 0, whilst white means that in that interval the unit is OFF or the relevant exchange is equal to 0 – Increased RES penetration – EMS 2. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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source at node 5, up to almost half of the available energy. In order to 
keep the voltage voltages close to the rated values and due to the 
consequent curtailment, a lot of energy has to be withdrawn from the 
external network, thus significantly increasing the operating costs 
(+62% if compared to the base scenario with the same objective). 

Considering the third scenario, where the RES penetration is 
increased, with the minimization uniquely of the operating costs, it can 
be seen that no curtailment is applied to RES generators. Besides, less 
energy is bought from the external network, if compared to same EMS 
formulation in the other two scenario, and some energy is even sold 
during surplus periods. Therefore, operating costs are reduced of 88% if 
compared to the Base Scenario. The BESS is more exploited in order to 
store excess RES power and use it when needed. If the minimization of 
voltage deviation is considered, the operating costs are higher since 
more energy has to be purchased from the external network. Curtail
ment is again applied both to the PV and WT generators but less than in 
the scenario with BESS out of service. 

Indeed, the presence of the BESS is beneficial to avoid curtailment 
and to keep the voltage deviation close to 1. In scenario with increased 

RES penetration, the increase of operating costs to minimize voltage 
deviation is massive (8 times more than in the same scenario with the 
minimization of costs only), therefore other voltage support measures 
may be investigated. In the other scenarios, instead, the operating costs’ 
increase to minimize voltage deviation is more limited if compared to 
the subscenario considering the minimization of costs only. 

4. Conclusions 

The purpose of this paper was to develop an EMS for the efficient 
management of a polygenerative MG connected to the external distri
bution network, composed of different busses at which RES generators, a 
CHP unit, a BESS and several loads are installed. Two objective func
tion’s formulations were provided, one minimizing the operating costs 
of the MG, associated with the active and reactive energy exchange with 
the external network and with the curtailment of RES generation, and 
one minimizing both the aforementioned operating costs and the devi
ation of the nodal voltages from the rated value. 

The proposed approach represents a significant contribution offering 

Fig. 41. “Full” EMS results – Voltage modules at nodes 1,2,3,4,5 and 6 – Increased RES penetration – EMS 2.  

Fig. 42. “Full” EMS results – Active power flows on lines – EMS 2.  
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a coupled optimization of both active and reactive power flows, thanks 
to the implementation within the mathematical model of OPF equations, 
along with a detailed characterization of the cables and connections. 

Furthermore, the paper explores the potential computational bene
fits that derive from the linearization of OPF equations that conven
tionally involve non-linearities. To this aim, a simplified MG made of 
three nodes was preliminarily considered in order to assess the accuracy 
of the results of an EMS containing linearized OPF equations, if 
compared to the results of an EMS with non-linear ones. A sensitivity 
analysis was carried out, varying the length of the connecting lines: as a 
result, this analysis endorsed the linearization of the OPF equations, to 
be then applied in the EMS applied to the “full” polygenerative MG. 

A discussion about the results of the “full” EMSs was eventually 
carried out, showing that the minimization of voltage deviation induces 
an increase of the operating costs, related both to an increase of the costs 
related to the purchase of active energy from the external network and 
to an increase of the curtailments costs for PV and WT. This also causes a 
change in the distribution of the internodal active and reactive power 
flows. Anyway, from a technical point of view, it is preferrable to keep 
nodal voltages close to the rated value. 

Additional scenarios were investigated to assess the impact of BESS 
unavailability and of increased RES penetration on the operation of the 
MG: the former scenario showed that the BESS has an important role in 
voltage support, while the latter proves that increased RES penetration 
leads to a reduction of the operating costs of the facility. 

In conclusion, this work advances the understanding and practical 
implementation of EMSs for polygenerative MGs, contributing to the 
ongoing efforts to enhance the reliability, efficiency, and sustainability 
of power systems. The insights gained from this research can guide 
future developments in the field of MG optimization, paving the way for 
future studies that may include the evaluation of the impact of fleet of 
EVs on the MG operations and the possible advantages that may derive 
from the installation of electrolysers and hydrogen fuel cells within the 
facility. 
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