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Abstract

One of the ways to decarbonize cities and to enhance grid stability is to convert existing
buildings into prosumers equipped with power plants able to supply electrical and ther-
mal energy. The simulation of such multi-energy systems permits the analysis of their
performance in steady-state and dynamic conditions, with the aim of defining effective
operating strategies able to reduce emissions and costs. The present paper describes a
dynamic simulation model, implemented in the Matlab/Simulink R2025a environment,
developed to simulate the daily and weekly operation of a prosumer building equipped
with a small-sized cogeneration unit, a Photovoltaic (PV) plant, a back-up boiler, a thermal
storage system and some charging points for Electric Vehicles (EVs). The mathematical
model is reported in detail, and the main results of the study are described, referring to
operating days characterized by different weather conditions. Then, energy, economic
and environmental performance indicators are defined and calculated for the different
simulated scenarios. Over the considered time horizons, the simulation results highlight
a significant increase in the electrical self-sufficiency of the facility up to 91.1% and an
important reduction in total net operating costs up to 59.8%, compared to the AS-IS case
(i.e., without the newly installed technologies).

Keywords: simulation; prosumer; microturbine; cogeneration; photovoltaics; storage;
electric vehicles

1. Introduction

The global transition toward sustainable energy systems has prompted significant
shifts in how buildings interact with utility grids. Modern buildings are increasingly evolv-
ing from passive energy consumers to active prosumers, entities that both produce and
consume energy through Distributed Generation (DG) technologies. This transformation
is pivotal in alleviating loads on national electricity networks while enhancing overall
energy security and reducing carbon emissions. Prosumer buildings equipped with Re-
newable Energy Sources (RESs), Combined Heat and Power (CHP) systems, and various
storage technologies represent a promising pathway toward decentralized, efficient, and
environmentally sustainable energy systems [1].

Among various DG sources, Photovoltaic (PV) systems are particularly well-suited
for integration into residential and commercial buildings. Meanwhile, CHP system:s,
especially Microturbines (MTs), offer high energy efficiency by simultaneously generating
electrical and thermal energy to meet the demands of buildings. To further enhance the
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self-consumption of locally generated renewable energy and improve energy management,
the integration of thermal storage and Electric Vehicle (EV) charging infrastructures in
prosumer buildings has attracted significant attention. Thermal storage can store excess
thermal energy produced by CHP systems or captured by solar thermal collectors for
later use. At the same time, EV charging points enable prosumers to utilize their on-site
electricity generation for transportation needs.

The combined operation of these technologies presents significant challenges in terms
of system sizing, control strategies, and energy management approaches. CHP systems
must balance electrical and thermal outputs to meet building demands efficiently, with
operating strategies critically affecting performance metrics including primary energy
consumption, CO, emissions, and operational costs [2,3]. Meanwhile, the intermittent
nature of PV generation necessitates intelligent integration with storage systems and/or
grid exchange mechanisms to maximize self-consumption and economic benefits [4].

Integrating RESs like solar and wind with CHP systems further reduces reliance on
fossil fuels and mitigates environmental impact, improving energy efficiency and reducing
emissions. MTs are a key component of CHP systems, offering the ability to burn various
fuels at high and low-pressure levels. While they may have slightly lower electrical ef-
ficiencies than reciprocating engine generators, their design simplicity, higher reliability,
reduced noise and vibration, lower maintenance requirements, and lower emissions make
them an attractive option [5]. CHP units are critical coupling components in multi-energy
systems, and modelling and simulation studies of the CHP operation are fundamental
for energy and economic analyses. The authors in [6] developed a dynamic model of a
University Campus micro-CHP plant in Thermolib and Simulink environments. They
modelled a methane gas engine based on the Otto cycle and validated the electrical and
thermal outputs against real operational data, noting discrepancies in the auxiliary boiler
model that required further control system refinement. Study [7] focuses on micro-CHP
systems, specifically modelling a CAPSTONE C30 micro gas turbine coupled with a com-
pact heat exchanger and absorption chiller. The thermodynamic analytic model, validated
experimentally, effectively predicted performance at partial-load conditions, facilitating
the design of trigeneration systems. The paper [8] investigates a flexible district heating
network comprising a CHP plant, a peak load boiler and a thermal storage by implementing
a Matlab simulation model. A techno-economic comparison between a wood gas and a
natural gas CHP plant is presented, giving information about the operating behaviour of
various components, in order to suggest potential improvements in terms of efficiency and
flexibility for biomass district heating. In [9], a quasi-steady-state simulation model of a
biomass CHP plant connected to a district heating network in Liege, Belgium, is presented.
The authors evaluate the “cost of heat” to determine economic viability, comparing the
CHP plant against standard natural gas boilers. The developed model includes detailed
combustion calculations and accounts for heat transport losses in the network. The authors
in [10] explore small-scale trigeneration systems by developing a techno-economic opti-
mization method of a Combined Cooling, Heating and Power (CCHP) plant based on an
internal combustion engine or a gas turbine as a power system and with an absorption or
vapour-compression refrigeration unit. By using the object-oriented Modelica program-
ming language, a program solution was implemented to simulate dynamic behaviours
and optimize for energy efficiency, economic payback, and greenhouse gas reductions. To
achieve operating optimization for a CHP system featuring a high back-pressure unit and
an extraction heating unit, the paper [11] proposes an advanced optimization method using
artificial neural networks and simulation databases. To manage the computational load of
optimizing the considered system, an integrated approach was implemented through a
chaos particle swarm optimization algorithm to generate optimal data points, which in turn

https://doi.org/10.3390/en19041064


https://doi.org/10.3390/en19041064

Energies 2026, 19, 1064

30f29

are used to train the artificial neural network, and improve the flexibility of CHP systems
by predicting their partial-load performance.

The study [12] discusses the optimization of stand-alone hybrid CHP systems, high-
lighting the impact of power management strategies on system sizing and operation. They
compare systems sized using single- vs. multi-objective genetic algorithm optimization,
minimizing cost and maximizing efficiency. The authors in [13] address optimizing CHP
systems in microgrids based on renewable energy, using wind turbines and PV modules.
The study demonstrates that using renewable sources and proper planning of CHP and
battery systems with energy management systems significantly reduces microgrid costs
and environmental pollution.

In [14], a case study on transforming a residential building cluster in Sweden into
electricity prosumers, using PV, centralized variable-speed heat pumps, and DC microgrids
with thermal energy storage, is presented. The study demonstrates the feasibility of
converting existing buildings into smart electricity prosumers with higher self-consumption
rates and energy efficiency.

Energy storage systems play a fundamental role in enabling the reliable and economic
integration of intermittent RESs. The study [15] analyses optimizing energy storage capacity
in autonomous microgrids, considering CHP and EV scheduling, with the aim to develop
strategies for sizing energy sources and storage devices to meet load demands reliably
while reducing costs and environmental impact. Optimizing energy management in
smart cities has always been challenging for utilities and consumers. However, it can be
effectively addressed by optimally sizing and allocating RESs in distribution networks,
also with the help of demand-side management, to minimize electricity bills and power
losses while taking into account reduction in carbon emissions and peak-to-average ratio
of the load [16,17]. In [18], a model for the optimal capacity planning and operation of
grid-connected hybrid energy systems with EV charging stations is presented, considering
Demand Response (DR) and net energy metering strategies for a case study of a multi-
residential complex building with electrical and thermal loads. The optimization objectives
minimize system costs and utility bills, and the findings demonstrate that implementing
DR programs and making full use of the building roof’s maximum PV capacity reduce the
amount of electricity withdrawn from the external grid and increase the use of the on-site
CHP generator and batteries.

Efficient energy management and control systems are essential for the effective opera-
tion of microgrids. Ref. [19] propose energy management models for microgrids with CHP
and PV prosumers, using game-theory approaches to optimize pricing and improve load
characteristics.

The paper [20] analyses the potential of combined solar-cogeneration installations
for residential buildings, finding that integrating thermal solar collectors and micro-gas
turbines can maximize energy, economic, and environmental savings, with payback periods
under 8 years. In [21], a daily simulation model for analysing natural gas MT applications
in residential complexes is presented, considering electrical and thermal efficiency and
consumer load curves. The model supports investment decisions by simulating various
scenarios. The authors in [22] explored the optimization of micro-gas turbines for CHP
applications in low-energy buildings. The results indicate that increasing the turbine inlet
temperature improves exergy efficiency and net power output, but also increases costs
beyond certain limits due to material constraints. This highlights the role of optimized CHP
systems as a stable alternative or additional technology to solar-based nearly zero-energy
building designs, particularly where thermal demand is significant.

The paper [23] describes a detailed model of an MT plant that can assess the impact of
DG penetration in distribution networks. It shows that replacing simplified MT models
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with detailed ones allows for more realistic simulations of DG behaviour during grid
disturbances. In [24], an economic sensitivity analysis is performed to examine how MTs
and PV systems affect total generation costs.

A primary focus of recent research is the direct coupling of building-integrated PV with
EV charging infrastructure. The authors in [25] analyzed a building-integrated PV system
for a residential building, comparing grid-connected systems with and without battery
storage. The paper [26] extended this concept by studying building-integrated PV /thermal
collectors in a hotel in Italy. This system produces both electricity and thermal energy for
space heating and hot water. The results show that, coupled with an EV charging point, it
can significantly reduce primary energy consumption and CO, emissions compared to a
reference system where the electrical load of the building is completely met by the external
grid and a diesel vehicle is considered.

In [27], the authors deeply investigated a prosumer building with a micro-CHP system,
PV technology and an electrical storage system with the aim of identifying the prosumer
configurations having the highest values of self-coverage of the energy demand, while
in [28], a hybrid renewable energy system equipped with a Stirling engine micro-CHP
unit fed by biomass and PV-thermal collectors was analysed by considering its possible
installation under different climate and economic conditions. The optimal integration of a
micro-CHP system with an electrical storage system is also investigated in [29], whereas
in [30] the focus is on the integration of hydrogen technologies with PV plants in buildings.

The modelling of multi-energy systems requires robust frameworks to handle the het-
erogeneity of different energy vectors and their interactions across various time scales. The
authors in [31] introduce an open-source multi-energy system simulator, comparing it to a
benchmark optimization model, to investigate the advantages and disadvantages of simu-
lating energy systems with respect to an optimization approach. The outcomes demonstrate
that a simulation approach can be used to analyse multi-energy systems at an urban level
with satisfactory results. In [32], a new multi-energy coupling interface modelling method
is proposed to handle the strong coupling between electrical, mechanical and thermal
subsystems, applying it to a 300 MW cogeneration reheating motor set. Paper [33] proposes
a simulation-based methodology to assess flexibility in multi-energy systems, specifically
within district heating networks, characterised by a thermal demand, a distribution thermal
network and a central power plant composed of a cogeneration unit and a gas boiler. The
authors distinguish between physical flexibility (system limits) and operational flexibility
(modulation capability), demonstrating how network dynamics constrain the flexibility
available to the grid. In [34], the authors model PV prosumers integrated with stationary
batteries, heat pumps and EVs across 145 global regions. They found that by 2050, such pro-
sumer systems could provide the least-cost energy solution in many regions, with batteries
and thermal storage playing key roles in optimizing self-consumption. An economic model
predictive control strategy for an office building integrated with PV, heat pumps, thermal
tanks and electric buses is investigated in [35], using a resistance-capacitance model for
building thermal dynamics. The proposed strategy outperformed traditional rule-based
control, reducing daily costs up to 26.95% and significantly improving peak load reduction
by leveraging the mobile storage capability of electric buses.

The present study has been developed with the aim of proposing a dynamic simulation
model of a prosumer building characterized by the presence of a PV plant, a CHP unit, a
thermal storage system, a back-up boiler and some charging points for EVs. The paper
reports all the equations used to model the aforesaid subsystems and provides information
on their implementation in the Matlab/Simulink R2025a environment.

The developed model is not an optimization-based Energy Management System, but
it represents a dynamic simulation model based on some heuristic rules regarding the

https://doi.org/10.3390/en19041064


https://doi.org/10.3390/en19041064

Energies 2026, 19, 1064

50f29

operation of the installed technologies. In particular, the CHP unit, based on MT technology,
is operated in “electrical priority” mode, while the boiler is turned on when the CHP unit
and the thermal storage system cannot cover the whole heating demand of the building.
The EVs are not charged by implementing smart charging strategies since, once they arrive
at the facility, they are immediately charged.

The different components of the considered multi-energy system are modelled using
not only algebraic equations but also differential equations that permit the representation
of dynamic phenomena, such as accumulation of mass, kinetic energy, and thermal energy.
Moreover, suitable control systems based on PID controllers have been implemented to
optimize the operation of power plants and to maintain a desired comfort inside the
building. The proposed model is generally valid and, due to its interconnected subsystem
structure, can be applied to other prosumer configurations. It can also accommodate new
subsystems representing technologies that were not considered in this study.

A strong scientific contribution of the present paper is analysing the interaction and
behaviour of different technologies in a multi-energy system to satisfy thermal and electrical
demands of the case study building, by developing a detailed dynamic modelling of most
of the components to take into account thermal and electrical dynamics. To the authors’
knowledge, no other similar studies proposed a mathematical simulation model covering a
complex multi-energy system such as the one considered, including PV plants, CHP units,
thermal storage, back-up boiler and EV charging points, and technically describing in detail
the coupling of electrical and thermal subsystems with the corresponding controllers to
adjust and optimize their operation to meet the prosumer building’s requests in terms of
comfort (i.e., temperature inside the building), electrical and thermal energy needs. In
particular, the validation of the CHP model, including the dual-PID control strategy and
the corresponding parameter tuning, has been done through experimental tests carried out
on the two CAPSTONE C65 microturbines installed at the Savona Campus microgrid of the
University of Genoa (Italy). Results of the validation phase can be found in the paper [36]
which represents the starting point of the research developed in this scientific area.

To provide a comprehensive overview of the study’s scope and to refine future inves-
tigative frameworks, certain limitations of the developed work should be acknowledged
and identified. Concerning the operating mode of the CHP unit, only the “electrical priority
mode” is considered, since the inclusion of the thermal storage and the back-up boiler
already offers a slack source in case the CHP unit is not able to provide the needed thermal
power. Still, the authors intend to improve the simulation model, taking into account
also the influence of adopting a “thermal priority mode” in future studies. To reduce the
computational effort without compromising the validity of the results, as also proved by
the validation phase of the CHP model reported in [36], a unique mass accumulation block
has been modelled to represent the mass accumulation in all the MT components; moreover,
the turbine has been considered always operated in chocking mode. Regarding the EVs’
charging, EVs start immediately charging once they are connected to the available charging
points, and no smart charging and vehicle-to-grid /vehicle-to-building strategies have been
implemented in the present work.

The remainder of the paper is as follows. Section 2 describes the methodology by
presenting the mathematical model alongside the various hypotheses and assumptions em-
ployed to represent the different subsystems. Section 3 is devoted to discussing the results
by analysing how the prosumer operates in different daily and weekly scenarios and by
evaluating its performance through calculating some energy, economic and environmental
indicators. Finally, Section 4 reports the main conclusions of the study.

https://doi.org/10.3390/en19041064


https://doi.org/10.3390/en19041064

Energies 2026, 19, 1064

6 of 29

2. Materials and Methods

The main goal of the research was to develop a dynamic simulation mathematical
model capable of representing the behaviour over time of a complex energy system consist-
ing of a prosumer building whose electrical and thermal needs are met by a hybrid energy
system characterized by a PV plant, an MT acting as a CHP unit, a thermal storage system,
and a boiler. In addition, the building is connected to the distribution network and can
draw electricity from it or feed electricity into it, depending on the difference between the
electricity produced locally and that required by the loads. The loads include not only the
electrical appliances installed in the building, but also some charging points for EVs owned
by the building’s occupants. The mathematical model, described by differential and alge-
braic equations, has been implemented in the Matlab/Simulink R2025a environment [37]
by organising it into the set of the subsystems reported in the information diagram shown
in Figure 1 and here below listed:

e Load: this block represents the electrical load profile of the building which can be
defined by the user through the analysis of historical data, possibly corrected with
information on weather and occupancy level of the building.

e PV:itis the subsystem used to calculate the power production of the PV plant as a
function of the solar irradiance profile and technical data of the installed plant (number
of modules installed on the roof, azimuth and tilt angles, etc.).

e  EV: this subsystem generates the charging power profiles required by the EVs present
at the facility as a function of both their state of charge at the arrival and the technical
data of each vehicle (rated capacity of the battery, maximum charging power, etc.).

e EL_B: through this block, which acts as a sort of electrical energy balance for the whole
system, it is possible to calculate at any time the power withdrawn from/injected into
the public distribution network and the electrical power reference profile for the MT
which is operated in “electrical priority” mode.

e  CHP: within this block there are several nested subsystems, one for each component
of the MT (compressor, recuperator, combustion chamber, turbine, shaft, heat recovery
boiler, etc.), which are used to calculate all the main physical quantities (mainly
pressure, temperature and flow rate) that describe the operation of the MT.

e CHP_CS: it is the subsystem where the control system of the MT is implemented.
Its function is to regulate the fuel flow rate in order to follow the electrical power
reference profile provided by the EL_B block.

e  PB: this subsystem models the thermal dynamic behaviour of the building in order to
evaluate how the indoor temperature changes as a function of time.

e  PB_CS: it represents the thermal control system of the building, the aim of which is to
estimate the thermal flux required to maintain a certain desired temperature inside
the building.

e  STO: this system is used to model the dynamics of the thermal storage system which
is installed to balance the local thermal production of the MT and the thermal power
requested by the building. The storage system can be either charged or discharged.

e  Boiler: a back-up boiler is installed to provide thermal energy when both the MT and
the storage are unable to fully meet the thermal needs of the building. It acts as a sort
of thermal slack.

The main equations used to model the above subsystems are presented and de-
scribed below.
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Figure 1. Information diagram of the dynamic simulation model.

2.1. Load

The electrical load is represented by all the devices which consume electricity inside
the building. In particular, we refer to the interior and exterior lighting system and a
variety of electrical appliances (computers, printers, washing machines, ovens, dishwashers,
refrigerators, small household appliances, etc.). The user can provide the electrical load
profile in a form of a vector of power demand values accompanied by the corresponding
times. The total electrical load of the building is indicated by PF.

2.2. PV Plant

The electrical power P"V

generated by the PV plant installed on the roof of the building
is calculated as a function of the solar irradiance profile I*!, the azimuth («) and tilt (7)
angles which describe the installation of the modules on the roof, the number of modules

NPV and the external ambient temperature T,y [38]:
PPV — PPV (1 o, 7, NPV, Tory) M)

2.3. EV Charging

I different EVs can be charged at the facility, each one using a dedicated AC charging
point. The main data describing the i-th vehicle are represented by the rated capacity of
the battery (CF"), the rated charging power (P/"""**) and the indicator y¥" which is equal
to 1 if the EV is present at the facility and can therefore be charged, and is zero otherwise.
The model assumes that the charging power PFY, the quantities on which it depends being
given in (2), is lower than the rated one when the State Of Charge (SOCiE V) is higher than a
limit value identified by SOC}5 Vilim thus modelling the real charging behaviour.

PEV — pEV (yfv, SOCiEV,arr, SOCEV, SOCiEv,lim, CEY, PiEV,mux ) @)

SOCEV is obtained by integrating the differential equation given in (3), which rep-
resents the energy balance of the battery. To solve it, both the SOCEY at the arrival time
(SOCEV™) and the charging efficiency 7*EV must be known.

dSOClEV _ ﬂCh’EV'PiEV (3)
dt CEV

1
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2.4. Electrical Balance

The main inputs of this subsystem are: the building’s electrical load P, the PV power
production PPV, the charging power supplied to each EV (PF") and the electrical power
generated by the MT (P°"CHP), this last calculated by the CHP subsystem. Depending on
whether local generation is less or more than the total load, (4) and (5) are activated to
calculate the power absorbed by (P?) or injected into (P®) the public distribution network
to which the prosumer building is connected.

I
P = max (O; Pt + Z pl.EV _ pPV _ pelCHP ) )
i=1

I
P* = max (o ;=P — Y PFV + PPV 4 peCHP ) (5)
i=1

On the other hand, the reference electrical power for the MT control system is calcu-
lated according to (6), where P/CHP.max js the maximum electrical power that the MT can
produce at the current ambient temperature, while P/CHPmin s the minimum electrical
power (usually referred to as the “technical minimum”) below which the manufacturer
suggests to switch off the MT. From analysing (4) and (6), it appears that it is preferable to
use the MT instead of buying electricity from the public network, whenever it is possible.

1
Pel,CHP,des = max (Pel,CHP,mm ; min (Pel,CHP,max ; PL + Z PiEV _ PPV> ) (6)
i=1

2.5. CHP Plant

The present simulation model assumes that the MT works in “electrical priority” mode,
since the main aim of the prosumer building is that of limiting the purchase of electricity
from the public distribution network. Consequently, if the thermal power produced by
the MT is not sufficient to fully meet the building thermal energy needs, additional energy
comes from either the thermal storage, operating in discharging mode, or the boiler. If the
building requires less thermal energy than is produced, the excess is stored or dissipated,
simulating the opening of the flue gas bypass typically fitted to modern MTs, to avoid
the passing of exhaust gases through the hot water heat exchanger. The validation of the
CHP model has been done using real data collected at the Savona Campus microgrid of
the University of Genoa (Italy) and discussed as reported in a previous research study [36].
The main equations used to model the different parts of the MT are deeply investigated in
the following.

2.5.1. Compressor

Following the approach adopted by the authors in [36], the compressor (C) has been
modelled as an algebraic block through its two characteristic maps that plot, respectively,

PCout

: n
the pressure ratio ( Do

C,in

and the reduced

Mac\/Tein
PCin
speed and the pressure ratio. As indicated in (7), the first map receives in input the pressure

) as a function of the reduced speed

mass flow rate < ), and the adiabatic efficiency (7¢) as a function of the reduced

ratio, the reduced speed and the temperature and pressure at the inlet of the compressor to
obtain the air mass flow rate (M, ), while the second map is used to evaulate the efficiency
on the basis of the reduced speed and the pressure ratio, as shown in (8).

Mgyc = My c(pc,in PCout: M Tcin) ()
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e = nc(pcine PCout: 1, e in) ®)
The temperature at the outlet of the compressor (T¢ ) is calculated as follows:

ke-1
(pC,out) ke 1
PcC,in

TC,out = TC,in' 1+
fic

©)

where k¢ is the adiabatic exponent, which is given by the ratio between the average specific
heat at constant pressure and that at constant volume of the air flowing through the
compressor. The real power absorbed by the compressor is computed as:

PC = Mu,C'Ep,a,C'(TC,out - TC,in) (10)

where ¢, c is air average specific heat at constant pressure.

In order to represent the dynamic phenomena of mass and kinetic energy accumulation
occurring in the MT under transient operating conditions, it was decided to insert the two
dummy components shown in Figure 2 between the compressor and the recuperator and to
adopt an electrical-mechanical analogy approach to model them [36]. The first, denoted by
'¥f, represents the accumulation of mass within the whole MT, where ¥ is a fluid-dynamic
capacitance (equal to the ratio between the overall accumulation volume and the squared
speed of sound within the considered fluid), while the second, denoted by A fr emulates
the accumulation of kinetic energy within the whole MT, where A is a fluid-dynamic
inductance (evaluated as the ratio between an equivalent length, representing the fluid
path within the MT, and an average cross section).

A _
i Mg, r Mg r :
Wy — As —
U, T¢ oue» Pc,out R,in
TC,out' pR,L’n

3 TC,oucr Pc,out

- TC,in' Pc,in
I M a,C
Figure 2. Scheme used to study the compressor and the associated dynamic blocks.

The fluid-dynamic capacitance block appears in the differential Equation (11) which,
when properly integrated, gives the pressure at the outlet of the compressor (pc out), since
no pressure drop is taken into account inside the mass accumulation block.

dPC,out N 1 : .
“at = 3y (Mac—Mag) a1

https://doi.org/10.3390/en19041064
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The air mass flow rate (M, ) through the recuperator is obtained by integrating the
differential equation used to model the inductance block:

M 1
T:/R = Tf"(pC,out - PR,in) (12)

where the air pressure (pg ;) at the inlet of the recuperator is higher than the pressure (pr ;)
of the exhaust gas at the inlet of the turbine, in order to correctly taking into account, albeit in
a simple way, the pressure drop occurring in the recuperator and the combustion chamber:

2
PR,in = PT,in’ (1 + '7'Mu,R> (13)

7 being a proportionality coefficient related to the operation of the MT at steady-state
full load.

2.5.2. Recuperator

As is well know, the recuperator (R) can be studied as a gas-gas counterflow heat
exchanger that enables the transfer of heat from exhaust gas exiting the turbine to the air
coming from the compressor. In order to properly model the thermal energy accumulation
in the metal part of the recuperator during transient conditions, the heat exchanger has been
divided lengthwise into ] parts, each characterised by a different temperature (T;,;) at each
time. The temperature T;,  is calculated by integrating the following differential equation:

dTm,j 1
Gt Gy Pesmi ~ $ma) (14)

where C;;, j is the metal heat capacity (given by the multiplication between the mass of the
j-th metal part and its specific heat), while ¢, ; and ¢y, 4 ; are the heat flux given to the
metal by the exhaust gas and that given off by the metal to the air, respectively, calculated
according to (15) and (16).

(Peg,m,j = Meg'Ep,eg,j' (Teg,in,j - Teg,out,j) = Keg,m'seg,m'ATlm,eg,m (15)

¢m,a,j - Mzz,R 'Ep,a,j' (Tu,out,j - Ta,in,j) - Ka,m'su,m'ATlm,a,m (16)

In (15) Meg is the exhaust gas mass flow rate, ¢ ., ; is the average specific heat at
constant pressure of the exhaust gas, while Ty i, ; and Teg o1, indicate the exhaust gas
temperature at the inlet/outlet of the j-th part of the recuperator, respectively. Similar
considerations can be drawn for the heat flux provided by the metal to the air, as de-
scribed in (16), where ¢, , ; is the average specific heat at constant pressure of air, T ;;, ; and
Ts,0utj Tepresent the air temperature at the inlet/outlet of the j-th part of the recuperator.
In addition, as reported in (15) and (16), it is important to note that the two aforemen-
tioned thermal fluxes are also calculated as a function of global transmittance coefficients
(Keg,m, Ka,m), heat exchange surfaces (Seg,m, Sa,m) and logarithmic mean temperature differ-
ences (ATlm,eg,m/ ATlm,a,m)-

2.5.3. Combustion Chamber

Having already considered the mass accumulations concentrated in block ¢, it was
decided to model the combustion chamber (CC) as an algebraic block described by steady-
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state mass and energy balances, in order not to overcomplicate the model and thus reduce
the computational effort. The mass balance is shown in (17) and the energy balance in (18).

Mag + Ms— Meg =0 (17)

Mg inccCpace (Toimec — Tr) + M rLH Vf"?cc—Meg'Ep,eg,CC' (Tegoutcc — Tr) =0 (18)

In (17) M ¥ indicates the fuel mass flow rate while, in (18), Mﬂlinlcc is the air mass flow
rate entering the combustion chamber (equal to M,Z, R)- Ty incc is the air temperature at the
inlet of the combustion chamber, assumed to be coincident with T; 5, ;. T} is the reference
temperature for the evaluation of the fuel lower heating value (LHV), €),4,cc and €y eq,cc
are average specific heat values for air and exhaust gas, and #¢¢ is the combustion chamber
efficiency. The mass balance is used to calculate Mgg, while the exhaust gas temperature at
the outlet of the combustion chamber T, ot cc is the output of the energy balance.

2.5.4. Turbine

The turbine is assumed to be in chocking conditions. The pressure at the inlet of
the turbine (pr,i,) is then calculated as a function of Mg and Teg out,cc, as shown in (19)

Meg' \/ Teg,ouf,CC

PT,in

Meg' \/ Teg,out,CC (19)

Prin = 7

where the coefficient I'r is equal to the ratio
state (full load).

calculated at nominal steady

The turbine outlet temperature T ,,; is calculated as:

1
Trout = Trjin — 17 |1 — ——— (20)

T
( Prin ) kr
PT,out
where the turbine inlet temperature Tt ;, coincides with Teg out,cc, 7t is the turbine’s

pTo”’ ) the expansion ratio and kt the adiabatic exponent. Knowing

adiabatic efficiency, (
the temperature at the inlet and outlet of the turbine allows to evaluate the real power of
the turbine as follows:

PT = Meg'Ep,eg,T'(TT,in - TT,out) (21)

where ¢, .o 1 indicates the average specific heat at constant pressure of the exhaust gas.
The turbine outlet pressure pr,,; is an input to (20) since it is calculated by the algebraic
relation (22) which determines it as a function of the external ambient pressure (peyt), the
exhaust gas flow rate (Mgg) and the proportionality coefficient §, similar to the approach
adopted in (13).

Pext 22)

PTout = 7 o\
(15,
2.5.5. Shaft and Generator

The rotational angular speed w of the shaft is obtained by integrating (23) which
represents the classical dynamic equation for rotating masses. In (23), Y represents the
moment of inertia of the MT, #,, the mechanical efficiency, 77 the generator efficiency,
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and 77pcs the efficiency of the power conditioning system that allows the variable speed
generator to be coupled to the AC grid at 50 Hz.

dw 1 Pel,CHP,des

— = —\yy(Pr—Pc) - ——— 23
dt Y -w i (Pr c) G 1pcs *

2.5.6. Heat Recovery Boiler

The heat recovery boiler, which is the heat exchanger used to produce hot water
(having a mass flow rate equal to Mw and temperature changing from Ty, ;, to Ty out) by
exploiting the heat released by the exhaust gas at the discharge of the turbine, is modelled
using the same approach chosen to model the recuperator in Section 2.5.2.

2.6. CHP Control System

The control system, based on two PIDs, of the MT aims to reset two errors:

o the difference e'Tout between the temperature at the turbine outlet (Tt ,,) and its
set-point value (that has to be maintained constant according to the specifications
provided by the manufacturer);

e the difference e’ between the MT electrical power output P**CHP, calculated as:

PCHP = 46 npes-(Pr — Pe) (24)

and the desired value P¢/.CHP.des defined in Equation (6).

Both PIDs generate output signals which are intended to adjust the fuel flow rate
in real-time by applying the two quantities AM¢ (¢"Teut) and AMy (") that summed up

to the quantity M b (Pel'CHP ﬁes) , that represents the fuel necessary to operate the MT at

constant load equal to P?/CHPAes | give the mass flow rate of fuel M  to be supplied to the
combustion chamber:

My = My (PCHPAS) 4 AMp (eTrom) 4 AN (e ) (25)

2.7. Thermal Storage System

The dynamic behaviour of the thermal storage system is described by the following

differential equation:
dSOCSTO  pch,STO _ pdch,STO
N (26)

At - CSTO,nom

where SOCSTO is the State of Charge, P#5T0 and P4"STO the charged and discharged
thermal power, and C5TO0" the rated thermal capacity; P»5TC and P4"STO are defined
in accordance with (27) and (28), while thermal losses and degradation effects have been
neglected. In particular, P?#S70 is different from zero when the thermal power provided by
the MT P#"CHP is greater than the thermal flux ¢"B"*1 required by the building to guarantee
a desired inner temperature. Similarly, P%"-ST0 is different from zero when P*CHP is Jower

than ¢PB"1. Upper bounds for PO and P¥*"STO are fixed as well as for SOCSTO.

min ( peh,STO,max . pth,CHP _ (PPB,req), SOCSTO ~ 1 A pthCHP (PPB,req

0, Pth,CHP < ¢PB,req

PCh,STO _ (27)

min (Pdch,STO,mux;q)PB,req _ Pth,CHP)’ SOCSTO >0A Pth,CHP < (PPB,req

0, Pth,CHP > 4)PB,req

Pdch,STO — (28)
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2.8. Boiler

The boiler, fed by natural gas, acts as a slack. It provides thermal power only if the
thermal flux ¢"B7%7 required by the building is higher than the total power supplied by the
MT and the thermal storage system.

PB — iax (0; ¢PB,req _ pthCHP _ pdch,STO) (29)

2.9. Prosumer Building

Applying the lumped parameter theory, the prosumer building is modelled as a single

TPB TPB js determined

space characterized by its temperature , which is a function of time.

by integrating the energy balance written in dynamic form:

dTPB _ L PB,req _ 1PB PB _
G = e (¢ K (17 o) )
where T,y is the outdoor temperature, KPB a global transmittance coefficient and C PB the
building’s thermal capacity calculated considering the air mass inside the building and
the insulation characteristics of the envelope. As shown in (31), the thermal flux ¢B7¢1
necessary to guarantee a set-point internal temperature (T"5F) inside the building depends
on the error between T25? and T8, and on the nominal thermal flux ¢p*B7¢977°™ calculated
with reference to the design outdoor temperature characterizing the city in which the
building is located. A control system made by a PID controller is used to determine ¢”274.

¢PB,req — (PPB,req (TPB, TPB,sp, (PPB,req,nom) (31)

3. Results

The mathematical model presented in Section 2 has been implemented in the Mat-
lab/Simulink R2025a environment. This section shows the main input data of the simulator
and describes some simulation results with reference to three different operating condi-
tions, namely a sunny day (Scenario I), a cloudy day (Scenario II) and a rainy day with
no PV production (Scenario III). Finally, an additional scenario (Scenario IV) is analyzed,
considering a longer simulation time horizon, equal to a winter week, and new input data.
Moreover, the calculation of different energy, economic and environmental indicators is
reported for the examined scenarios.

3.1. Main Input Data

The considered prosumer building is assumed to be an office building located in the
municipality of Savona, in the north of Italy, and owned by a private company operating in
the tertiary sector. The choice of this case study is due to the availability of data collected
at the Savona Campus of the University of Genoa, where a polygeneration microgrid has
been in operation since 2014. The microgrid includes PV plants, CHP units, EV charging
points and a battery energy storage system. Regarding CHP units, two CAPSTONE C65
MTs are installed to provide electricity and heating to the buildings of the Campus, which
host the facilities of both the university and private companies.

Referring to the different subsystems of the simulator presented in Section 2, the main
input data that characterize the case study are described in the following subsections.

3.1.1. Electrical Load

The building is connected to the external Medium-Voltage (MV) 15 kV distribution
network with a committed power equal to 250 kW. During the year, the electrical load is
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around 20 kW in the night hours, while in the central hours of the day, the typical peak
values reach 160 kW.

3.1.2. PV Plant Data

The rated peak power of the PV plant is 160 kW. The plant consists of 400 modules
(model MaxEON SPR Max3-400 [39]) of 400 W each. The PV modules are installed on the
south-oriented roof of the building with a tilt angle of 20°. The PV production has been
estimated using the measurements provided by the SCADA system (see [40]) of the Savona
Campus microgrid, where three PV plants are currently installed with a total rated power
of 120 kW.

3.1.3. EVs and Charging Points

Within the private parking area of the prosumer, four EV charging points are present.
Each one is characterized by a maximum AC charging power of 7.4 kW. The four EVs
owned by the company are Volkswagen ID.3 Pro [41] model whose main characteristics are
reported in Table 1.

Table 1. EV input data.

Rated capacity (CEY) 58 kWh
Driving range 405 km
Charging equipment Type 2 socket for AC charging (11 kW max)
Minimum SOC 0.1
Charging efficiency (7"EV) 0.9

Considering the characteristics of the charging points, the EVs can be charged at a
maximum AC power PEV.max £7 4 KW, when the SOC is in the range between the minimum
value and SOCEV//" assumed equal to 0.8. For higher values of SOC, the maximum power
that can be supplied to the EV decreases linearly as a function of SOC.

3.1.4. CHP Unit and Other Thermal Energy Sources

The considered CHP unit is a CAPSTONE C65 microturbine [36]. The main rated data
of the CHP unit are reported in Table 2.

Table 2. CHP unit input data.

Rated electrical power 65 kW
Rated thermal power 105 kW
Rated electrical efficiency 0.29
Pressure ratio 4
Minimum electrical power (PdfCHP iy 30 kW
Exhaust gas mass flow rate at full load 0.49 kg/s
Temperature at the outlet of the combustion chamber at full load 924 °C
Temperature at the outlet of the turbine at full load 638 °C

Temperature of the exhaust gas at the outlet of the recuperator at full load 309 °C

The boiler is characterized by a rated thermal power of 150 kW, while the thermal
storage system has a rated capacity C5T0 "0 of 700 kWh.
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3.2. Simulation Results—Daily Time Horizon

In the following subsection, the main results of the simulated scenarios are analysed
and compared referring to some typical days. The considered time horizon of the sim-
ulations is 10 h from 7 A.M. to 5 PM. of a day in a winter month. For all the scenarios,
the electrical load profile, the EV charging demand and the EV availability at the facility
stay unchanged.

The four EVs are used by the company staff. The first EV is assumed to arrive at the
facility at 8:30 A.M. with a battery SOC of 0.3, and then it leaves at 4:30 PM. The second EV
arrives at 7:30 A.M. with a battery SOC of 0.5 and leaves the facility six hours later. The
third EV reaches the facility at 1 PM. with a battery SOC of 0.3 and remains parked until
the end of the simulation. The last EV arrives at 8:30 A.M. with a battery SOC of 0.7 and
does not leave the facility for all the remaining simulated time.

As far as the electrical demand profile of the prosumer, it varies between 65 kW and
133 kW during the entire simulation, with higher values from 12 PM. to 2 PM.

3.2.1. Simulation Results—Scenario I

The first analyzed scenario considers a sunny day with high PV production. The
ambient temperature outside of the building ranges between 2 °C and 8 °C in the morning
from 7 A.M. to 10 A.M. and in the afternoon from 4 PM. to 5 PM., while in the central
hours of the day its values are higher, with a peak around 15 °C at 1 PM.

In Figure 3, the electrical power profiles of the PV plant (P"Y, in yellow), CHP unit
(P°CHP in light green), and EV charging (PEV, in dark green), together with the power
injected (P?, in light blue) and withdrawn (P?, in red) into/ from the distribution network are
shown. The PV production profile follows a regular trend that characterizes a typical sunny
day, reaching a peak of 110 kW around 12:30 P.M. The CHP unit operating in “electrical
priority” works at full load from 7 A.M. to 10 A.M. and from 3:30 P.M. to 5 PM., while
during the central hours of the day its production decreases up to its “technical minimum”
of 30 kW. This behavior is due to the high PV production, which almost completely satisfies
the electrical demand of the prosumer building. Considering that the CHP unit cannot
operate below its “technical minimum” and the large PV production, a surplus of locally
produced energy occurs almost at each time instant from 10:30 A.M. to 3 PM., which is,
in turn, injected into the external distribution network. Electricity is mainly withdrawn
from the external network in the early morning and after 3 P.M., when the PV production
is low. As shown in Figure 3, there are some time intervals in the central hours of the
day during which the prosumer building buys electricity since the CHP unit is not able to
instantaneously respond to the rapid increase in the electrical demand of the building.

Pth,CHP

In Figure 4, the thermal power profiles of the CHP unit ( ,in light green), the

heat recovery boiler (P8, in black), the thermal storage discharging (P50, in pink)

and charging (P"STO

,in dark green) and the thermal demand of the prosumer building
(¢PB7*, in blue) are represented. The thermal demand required by the building follows
with some delay the profile of the external ambient temperature over the day. The thermal
production of the CHP units stays almost constant before 10 A.M. and after 3:30 PM., while
modulating in the remaining hours due to the strict correlation with electrical production.
From 7 A.M. to 9:15 A.M. and between 11 A.M. and 12 P.M., the thermal storage operates
in discharging mode when the thermal production of the CHP unit is not sufficient to
completely satisfy the thermal demand of the building. From 9:15 A.M. to the end of the
considered time horizon, the thermal storage is being charged when the CHP thermal
production, even when operating at its “technical minimum”, exceeds the required thermal

load. The boiler is not used in the presented scenario.
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Figure 4. Thermal power profiles for Scenario I.
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Figure 5 reports the SOC and charging profiles of the four EVs owned by the prosumer
building, which are not enabled to operate in discharging mode. When they are connected
to the charging station, the EVs are being charged at their maximum charging power of

7.4 kKW until their SOC reaches a value of 0.8.
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Figure 5. EV charging profiles for Scenario I.
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3.2.2. Simulation Results—Scenario II

The second analyzed scenario considers a cloudy day with low PV production while
the load profile is kept as in Scenario I. For Scenario II, the ambient temperature outside of
the building ranges between 0 °C and 6 °C in the morning from 7 A.M. to 10 A.M. and in
the afternoon from 4 P.M. to 5 PM., while a peak of 10 °C is reached at around 3:30 PM.

The electrical and thermal power profiles over the considered time horizon are shown
in Figures 6 and 7, respectively. In Figure 6, the PV production never reaches 60 kW during
the day, and the electrical production of the CHP unit remains constant at its rated power
of 65 kW. The power absorbed from the external network is higher when the PV production
reaches very low values, e.g., between 12 PM. and 1 PM.
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Figure 6. Electrical power profiles for Scenario II.
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Figure 7. Thermal power profiles for Scenario II.

Concerning thermal power profiles, in Figure 7, the thermal demand of the building
follows a trend similar to the one resulting from Scenario I, but with higher average values
over the considered time horizon due to the lower external ambient temperature. The CHP
thermal production is almost constant, while the thermal storage is discharged from 7 A.M.
to 9:45 A.M. and is charged during the remaining hours. Also, for this scenario, the boiler
is not in operation.

EV charging profiles are the same as the ones reported in Figure 5.
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3.2.3. Simulation Results—Scenario III

In the present scenario, representing a rainy day with no PV production during the
whole considered time horizon, the ambient temperature outside of the building ranges
between —1 °C and 3 °C in the morning from 7 A.M. to 10 A.M., while from 10 A.M.
to 5 PM. its value stays around 6 °C. Figure 8 shows the electrical power profiles: the
CHP always operates at its rated power, the building always buys electricity to satisfy its
electrical demand and no electricity is sold. The power profile related to the EV charging
follows the same trends as the ones reported for Scenario I and Scenario II.
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Figure 8. Electrical power profiles for Scenario III.

The thermal power profiles are represented in Figure 9. The thermal demand of the
building is always higher than 85 kW, and the CHP unit provides an almost constant
thermal power. The thermal storage is discharged from 7 A.M. to 11 A.M. and from 4 PM.
to 5 PM., while slightly charged from 11 A.M. to 4 PM.
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Figure 9. Thermal power profiles for Scenario III.

3.3. Simulation Results—Scenario Comparison

In this subsection, a comparative analysis between the three considered scenarios is
carried out, focusing on the main electrical and thermal energy results of the simulation
calculated over the whole considered time horizon.
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Table 3 reports the electrical energy results, whereas the thermal energy results are
shown in Table 4. Compared to Scenario I, Scenario II sees a 79% decrease in total PV
production, while CHP electrical production increases by 28.4%; the amount of electricity
purchased is 3.8 times larger, and no electricity is sold. In Scenario III, CHP electrical
production remains the same as in Scenario II, while electricity purchases increase by
30.4%, due to the absence of PV production. Since the EVs’ behavior and the related SOC
conditions are not assumed to change in the three different scenarios, the EV charging

demand is always equal to 123.1 kWh.

Table 3. Electrical energy results.

kWh Scenario I Scenario II Scenario III
PV production 581.6 121.9 0.0
CHP production 506.1 650.0 650.0
Bought energy 104.9 400.5 5224
Electrical demand 1049.0 1049.0 1049.0
EV charging demand 123.1 123.1 123.1
Sold energy 20.16 0.0 0.0
Table 4. Thermal energy results.
kWh Scenario I Scenario II Scenario III
CHP production 790.2 935.9 913.9 (913.9)
Boiler production 0.0 0.0 0.0 (126.7)
Thermal storage discharging 51.2 61.3 126.7 (0.0)
Thermal storage charging 101.3 141.6 14.4 (0.0)
Thermal demand 740.1 855.7 1026.0 (1026.0)
Wasted thermal energy 0.0 0.0 0.0 (14.4)

Regarding the thermal part, Table 4 shows a significant increase in the CHP thermal
production of 18.4% in Scenario II with respect to Scenario I, since the decrease in the
external ambient temperature for Scenario II (i.e., cloudy day) causes a higher thermal
demand by the prosumer building (+15.6% compared to Scenario I). This also leads the
thermal storage to operate more frequently during the considered time horizon, both in
charging and discharging mode, with an increase of 39.8% and 19.7%, respectively, from
Scenario I to Scenario II.

Scenario 1II (i.e., rainy day with no PV production) is characterized by a low thermal
storage charged energy since the CHP thermal production, with the contribution of the
thermal storage operating in discharging mode, is entirely deployed to satisfy the high
thermal demand of the building, due to the very low external ambient temperature during
the day.

In all three scenarios, there is no wasted thermal energy, and the boiler is not in
operation. To evaluate how the thermal storage operation impacts the thermal energy
results of the simulations, an additional analysis related to Scenario III was performed,
assuming that the prosumer building is not equipped with thermal storage. The results
are reported in parentheses in the column of Scenario III in Table 4. For this additional
simulation, the results show that the boiler is required to operate to help the CHP unit
satisfy the overall thermal demand of the building (i.e., it supplies the thermal energy
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previously provided by the thermal storage discharging), and the remaining thermal
energy is accounted for as wasted energy since it cannot be stored.

Finally, in order to assess the electrical and thermal operational efficiency of the case
study prosumer building, two Key Performance Indicators (KPIs), i.e., the Electrical Self-
Sufficiency Rate (ESSR) and the Thermal Storage Utilization Factor (TSUF), can be defined

as follows:
EPV + Eel,CHP _ ES

ESSR = L pEv 100 (32)
Edch,STO

where EPV, ESLCHP s EL EEV EdchSTO and EPBrq are, respectively, the total PV energy
production, the CHP electrical energy production, the energy sold to the distribution
network, the total electrical load of the building, the total EV charging demand, the total
energy discharged by the thermal storage, and the total thermal demand required by the
building, calculated over the whole considered time horizon.

The ESSR describes the share of total electrical energy demand of the prosumer
building, including the charging of the EVs, covered by the production of the PV and CHP
plants. The TSUF is used to quantify the effectiveness of the thermal storage unit in meeting
the heating needs of the building over a specific time period.

The results of these KPIs for the three analyzed scenarios are reported in Table 5. As
expected, the ESSR has lower values in Scenario II and Scenario III compared to Scenario I,
since the PV production significantly decreases in Scenario II (cloudy day) and is equal to
zero in Scenario III (rainy day), with the CHP unit satisfying more than half of the total
electrical demand of the building (including EV charging needs), both in Scenario II and in
Scenario III. On the other hand, the TSUF shows an increase from Scenario I to Scenario
II (+4.3%) and to Scenario III (+78.3%) related to the decrease in the ambient temperature
outside of the building, which in turn leads to higher thermal demand.

Table 5. KPIs’ results for the three scenarios.

[%] Scenario I Scenario 11 Scenario II1
ESSR 91.1 65.9 55.5
TSUF 6.9 7.2 12.3

To better highlight how the proposed dynamic model enhances the prosumer build-
ing’s performance, additional economic and environmental indicators are defined and
calculated. In particular, for all the three scenarios in the TO-BE case (characterized by the
presence of MT, PV, thermal storage and back-up boiler), the deviations in Net Operating
Costs (NOC) and CO, emissions are evaluated referring to the AS-IS case, where all the
electricity needed to satisfy the electrical load of the facility and EV charging demand is
exclusively withdrawn from the external distribution network (no PV and no MT installed).
All the thermal energy is assumed to be produced by a traditional boiler fed by natural gas.
Since the thermal demand of the facility is different in each scenario, due to the different
weather conditions, there are three AS-IS cases, one for each scenario.

The economic (ANOC;s) and environmental (ACO;;) percentage deviations for each
scenario are calculated as follows:

NOCs,as-1s — NOCs;r0—BE

ANOCs = — 100 34
’ NOGC; a5-15 (34
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Q02,4515 — CO25,70-BE
CO2,45-15

ACO,, = 100 (35)

where the subscript s indicates the corresponding scenario (Scenario I, Scenario II, or
Scenario III).

To assess the total net operating costs of the facility and equivalent CO, emissions
over the considered time horizon (i.e., 10 h), the following assumptions have been made,
taking into account both the type of prosumer and the Italian energy context:

purchase electricity price equal to 0.25 €/kWh;

selling electricity price equal to 0.1 €/kWh;

natural gas price equal to 0.45 €/Sm?;

annual maintenance costs of PV plant equal to 20 €/kWp;
lower heating value of natural gas equal to 9.59 kWh/Sm?;
traditional boiler efficiency equal to 0.9;

maintenance costs of the MT equal to 2 € per each Equivalent Operating Hour (EOH)

of the MT;

e emission factor of the electricity coming from the distribution network equal to
234.7 gCO, /kWh [42];

e emission factor per unit of primary energy of the traditional boiler (used in the AS-

IS case) and CHP unit (used in the TO-BE case), both fed by natural gas, equal to

205 gCO2/kWh.

The results of the total net operating costs and CO, emissions, and the corresponding
percentage deviations with respect to the AS-IS cases, are reported for Scenario I (sunny
day), Scenario II (cloudy day), and Scenario III (rainy day) in Tables 6 and 7, respectively.

Table 6. Scenario comparison between total net operating costs and CO, emissions.

Total Costs [€] [kg CO,]
AS-IS
Scenario | 331.61 443.7
Scenario 11 337.64 470.0
Scenario III 346.52 508.8
Total Costs [€] [kg CO;]
TO-BE
Scenario | 133.36 395.2
Scenario 11 237.82 569.9
Scenario III 268.30 (274.90) 598.5 (627.4)

Table 7. Economic and environmental deviations for the three scenarios compared to the AS-IS case.

[%] Scenario I Scenario 11 Scenario IIT
ANOC —59.8 —-29.6 —22.6 (—20.7)
ACO, —-10.9 +21.3 +17.6 (+23.3)

Regarding the net operating costs to operate the facility, Scenario I is the best one in
the TO-BE case, mainly due to the fact that the PV production is significant and the thermal
demand is lower than in the other scenarios. In Scenario III, the cost reduction with respect
to the AS-IS case is the lowest one, especially when the thermal storage is not supposed
to be in operation (i.e., —20.7%). Anyway, the installation of MT, PV and thermal storage
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is profitable for the facility in all three scenarios, as shown by the reduction in total net
operating costs reported in Table 6. On the other hand, not all the scenarios in the TO-BE
case are characterized by lower values of CO, emissions compared to the corresponding
scenarios in the AS-IS case. Indeed, Scenario II and Scenario III show higher CO, emissions
due to a larger use of MT and back-up boiler, and also an increase in electricity withdrawn
from the distribution network because of the lower PV production.

3.4. Simulation Results—Weekly Time Horizon

To better evaluate the building thermal and electrical dynamics and the performance
of the installed technologies, a longer simulation time horizon has been analyzed. In this
subsection, the main simulation results are presented for a new scenario (Scenario 1V),
considering a time horizon of a winter week. The weekly PV production has still been esti-
mated through the measurements provided by the SCADA system of the Savona Campus
microgrid of the University of Genoa, while the EV charging demand and availability at
the building have been changed with respect to the previous scenarios (Scenario I, Scenario
II and Scenario I1I), also considering three additional EVs at the disposal of the prosumer.

In Figure 10, the weekly electrical power profiles are shown. The electrical load
follows a similar pattern in the working days with an absorption peak around 150 kW on
Wednesday, while it decreases significantly on the weekend up to values around 50 kW.
The PV production is consistent from Wednesday to Friday, reaching values around 110 kW,
while it is considerably lower on the other days, with values below 20 kW on Sunday. The
CHP unit operates at its rated power only on the working days of the week when the
electrical load of the building is higher, more EVs need to be charged (such as on Monday
and on Tuesday), and there is no PV production (or it is very low) in those hours. The
power withdrawn from the distribution network is significant on Monday and on Tuesday
to meet the high electrical demand and EV charging needs, and the power production
from the PV plant is not sufficient, while it decreases in the following days up to zero on
Saturday and on Sunday. On the other hand, the power injected into the external network
is very reduced during the whole considered week, with few peaks in the morning from
Wednesday to Saturday when there is a surplus of PV production.
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Figure 10. Electrical power profiles for Scenario IV (weekly time horizon).
In Figure 11, the weekly thermal power profiles are shown. The thermal demand of
the prosumer building ranges between 40 kW and 105 kW during the week. On Monday

and on Tuesday, the thermal power provided by the CHP unit is always higher than the
thermal demand and, consequently, the thermal storage is being operated in charging
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mode. Mainly on Wednesday, on Friday and on Sunday afternoon, the thermal storage is
being discharged to help the CHP unit satisfy the thermal load of the building. During the
analyzed week, the back-up boiler has never been required to be in operation, and there is
no wasted thermal energy. As it can also be noticed from Figure 12, the thermal demand
follows the trend of the external ambient temperature (ranging from 3 °C to 14 °C during
the week), which reaches lower values, below 5 °C, in the early morning on Wednesday
and in the central hours on Friday and higher values, between 11 °C and 14 °C, on Monday
and on Saturday morning.

120
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Figure 11. Thermal power profiles for Scenario IV (weekly time horizon).

15,

External Temperature [°C]

. |
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Days

Figure 12. External temperature profile for Scenario IV (weekly time horizon).

Finally, the energy, economic and environmental indicators have also been evaluated
for Scenario IV (over a week), as reported in Table 8. The weekly results show a great ESSR
due to a large amount of PV and CHP electrical production locally self-consumed, while
the thermal storage is not so much exploited in discharging mode since the CHP thermal
production largely covers the thermal request of the building, and the back-up boiler is
off during the whole week. Concerning the economic and environmental performance, a

reduction in total net operating costs of 41.7% occurs with respect to the AS-IS case, but
CO, emissions increase of 21.6%.
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Table 8. KPIs’ results for Scenario IV (weekly time horizon).

[%] Scenario IV
ESSR 85.5
TSUF 4.8

ANOC —41.7
ACO, +21.6

Nowadays, the emission factor of the electricity withdrawn from the distribution
network has dropped significantly due to the increasing penetration of RESs in the Eu-
ropean network. Consequently, a CHP plant fed by natural gas might lower the overall
operational costs but could actually increase the carbon footprint of the facility. To ensure
true decarbonization and environmental benefits, the best approach would be to transition
toward MTs fueled by biogas or other sustainable fuels.

4. Conclusions

The transformation of existing buildings into multi-energy prosumers represents a
pivotal strategy for the decarbonization of urban environments and the strengthening
of grid stability. The transition from passive consumers to active multi-energy systems,
capable of producing and managing both electrical and thermal power, is essential for a
sustainable and resilient energy future.

In this study, a dynamic simulation model of a prosumer building equipped with a
PV plant, a CHP unit operated in “electrical priority” mode, a back-up boiler, a thermal
storage system and EV charging points has been developed and implemented in the
Matlab/Simulink R2025a environment. The aim of the proposed model is to optimize the
operation of the installed technologies and to keep a desired comfort inside the building (i.e.,
to follow a desired temperature profile), by defining different suitable control subsystems
within the simulator. The case study building is assumed to be located in the north of
Italy and operated by a private company belonging to the tertiary sector, with a 15 kV MV
connection to the external distribution network.

The results of the simulation, firstly carried out over a time horizon of 10 h in a
winter day (i.e., from 7 A.M. to 5 PM.), were analyzed for three scenarios according to
different values of the external ambient temperature: (i) Scenario I characterized by a
sunny day with high PV production and ambient temperature reaching a peak of 15 °C;
(ii) Scenario II, where a cloudy day with low PV production and an ambient temperature
ranging from 0 °C to 10 °C is considered; and (iii) Scenario III with no PV production (i.e.,
rainy day) and ambient temperature values not exceeding 6 °C. The energy, economic and
environmental performance of the entire system has been evaluated, for each scenario,
using four indicators: Electrical Self-Sufficiency Rate (ESSR), Thermal Storage Utilization
Factor (TSUF), percentage deviation in total net operating costs (ANOC) and in CO,
emissions (ACO,) with respect to the AS-IS case. These demonstrate how a well-designed
local electrical and thermal generation system can reduce electricity withdrawal from
the distribution network and the use of a backup boiler; indeed, small-sized CHP units
coupled with RES plants and storage systems can increase the energy self-sufficiency of
prosumer buildings and help to make urban areas smarter. Regarding the net operating
costs of the facility and CO, emissions, the impact of PV production and CHP operation is
significant, highlighting how the profitability and sustainability of a complex multi-energy
system are often not correlated and depend on the effective and green operation of the
installed technologies. To deepen the analysis and to better assess the electrical and thermal
dynamics of the technologies installed at the facility, an additional scenario (Scenario
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IV) has been considered over a weekly time horizon, for which the previously defined
performance indicators have also been calculated. Also in this longer duration scenario,
the installed technologies permit a significant increase in local self-consumption and to
reduce net operating costs of the facility, but, on the other hand, CO; emissions increase
with respect to the AS-IS case (+21.6%), due to the fact that the CHP unit is fed by natural
gas and not a fuel obtained by RESs exploitation.

The authors intend to expand the simulation model to include other technologies,
such as absorption chillers, heat pumps, and battery energy storage systems. Furthermore,
they plan to integrate the simulator with a Model Predictive Control Energy Management
System to implement the most effective operational strategies for the CHP unit, storage
systems, and EV charging points.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

C Compressor

CcC Combustion Chamber

CCHP Combined Cooling, Heating and Power
CHP Combined Heat and Power

CS Control System
DC Direct Current
DG Distributed Generation

DR Demand Response
EL_B Electrical Balance
EV Electric Vehicle

L Load

MT Micro Turbine

MV Medium Voltage

PB Prosumer Building
PV Photovoltaic
R Recuperator

RES Renewable Energy Source
SOC State Of Charge

STO Storage

T Turbine
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Nomenclature

The following nomenclature is used in this manuscript:

C Capacity Wh
Con,j» CPB Heat capacity J/K

Cp Average specific heat at constant pressure J/(kg-K)
50! Solar irradiance W/ (m2K)
i Vehicle -

K Global transmittance coefficient W/ (m?2K)
KPB Building global transmittance W/K

k Adiabatic exponent -

j Metal part -

LHV Lower Heating Value J/kg
M Mass flow rate kg/s
AM Mass flow rate variation kg/s
M 1 Fuel necessary to operate the microturbine at constant load

NPV Number of PV modules -

n Rotational speed rps

P Power 4

p Pressure Pa

S Heat exchange surface m?
s0C State Of Charge -

T Temperature K

AT Temperature difference K

t Time s

y Binary indicator -

o Azimuth angle °

7 Efficiency -

1 Proportionality coefficient s?/kg?
Y Moment of inertia kg-m?
0% Proportionality coefficient s?/kg?
T Tilt angle °

¢ Thermal flux 4

¥r Fluid-dynamic capacitance m-s?

r Coefficient s-m-K°
Ay Fluid-dynamic inductance m~!

€ Error KorW
w Rotational angular speed rad/s
Subscripts

a Air

C Compressor

cc Combustion chamber

eg Exhaust gas

ext External

f Fuel

G Generator

i i-th EV

in Inlet

j j-th part

Im Logarithmic mean

m Metal (or mechanical)

out Outlet

PCS  Power Conditioning System
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R Recuperator
r Reference

T Turbine
Superscripts

arr Arrival

B Boiler

b Bought

CHP Combined Heat and Power
ch Charging

dch Discharging

des Desired

EV Electric Vehicle

el Electrical
L Load
lim Limit

max  Maximum

min Minimum

nom  Nominal

P Power

PB Prosumer Building
PV Photovoltaic

req Required

s Sold

sol Solar

sp Set-point

STO  Storage

It Turbine temperature
th Thermal
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