
Citation: Cardoso, D.; Nunes, D.;

Faria, J.; Fael, P.; Gaspar, P.D.

Intelligent Micro-Cogeneration

Systems for Residential Grids: A

Sustainable Solution for Efficient

Energy Management. Energies 2023,

16, 5215. https://doi.org/

10.3390/en16135215

Academic Editor: Holger Hesse

Received: 9 June 2023

Revised: 30 June 2023

Accepted: 4 July 2023

Published: 6 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Intelligent Micro-Cogeneration Systems for Residential Grids:
A Sustainable Solution for Efficient Energy Management
Daniel Cardoso 1,2 , Daniel Nunes 2, João Faria 1,3, Paulo Fael 1,2 and Pedro D. Gaspar 1,2,*

1 Department of Electromechanical Engineering, Faculty of Engineering, University of Beira Interior,
Rua Marquês d’Ávila e Bolama, 6201-001 Covilhã, Portugal; silva.cardoso@ubi.pt (D.C.);
joao.pedro.faria@ubi.pt (J.F.); pfael@ubi.pt (P.F.)

2 C-MAST-Centre for Mechanical and Aerospace Science and Technologies, 6201-001 Covilhã, Portugal;
figueira.nunes@ubi.pt

3 Instituto de Telecomunicações, Universidade da Beira Interior, 6201-001 Covilhã, Portugal
* Correspondence: dinis@ubi.pt

Abstract: This paper presents an optimization approach for Micro-cogeneration systems with internal
combustion engines integrated into residential grids, addressing power demand failures caused by
intermittent renewable energy sources. The proposed method leverages machine learning techniques,
control strategies, and grid data to improve system flexibility and efficiency in meeting electricity and
domestic hot water demands. Historical residential grid data were analysed to develop a machine
learning-based demand prediction model for electricity and hot water. Thermal energy storage was
integrated into the Micro-cogeneration system to enhance flexibility. An optimization model was
created, considering efficiency, emissions, and cost while adapting to real-time demand changes. A
control strategy was designed for the flexible operation of the Micro-cogeneration system, addressing
excess thermal energy storage and resource allocation. The proposed solution’s effectiveness was
validated through simulations, with results demonstrating the Micro-cogeneration system’s ability to
efficiently address high electricity and hot water demand periods while mitigating power demand
failures from renewable energy sources. The research presents a novel approach with the potential to
significantly improve grid resilience, energy efficiency, and renewable energy integration in residential
grids, contributing to more sustainable and reliable energy systems.

Keywords: micro-cogeneration systems; internal combustion engines; residential grids; machine
learning; control strategies; energy management; grid flexibility; smart grids; electrical energy;
thermal energy; renewable energy integration

1. Introduction

Reliable energy sources are crucial for residential grids, yet renewable solutions like
photovoltaic (PV) systems experience irregular power production contingent on resource
availability [1]. To address this, this study proposes coupling PV with battery and Micro-
cogeneration units as a holistic energy-generation solution. Notably, the incorporation of a
Micro-cogeneration system, particularly a Micro combined heat and power (Micro-CHP)
system powered by an internal combustion engine, presents a potential pathway towards
off-grid residential energy solutions. Micro-cogeneration units are versatile systems pro-
ducing both electrical and thermal energy. Despite their relatively small size (under 50 kW),
they offer opportunities to reduce primary energy consumption and curb greenhouse gas
emissions [2–5].

Utilizing the mechanical energy generated by the internal combustion engine con-
verted by an alternator and the thermal energy harvested from the engine’s exhaust
gases and cooling circuits, these systems can contribute to overall efficiency [6]. Micro-
cogeneration presents an opportunity to enhance the stability and resilience of home grids
powered by renewable energy sources, thereby overcoming the implementation barrier that
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arises from relying solely on renewables. By integrating Micro-cogeneration, home grids
can become more energy efficient and resilient. PV panels and battery systems sometimes
fall short of consistently meeting the demands of the household grid, particularly during
periods of low solar exposure. This current paper proposes that the internal combustion
engine in the Micro-CHP system can function as a backup in these instances, supporting
electrical demand and charging the batteries while also providing thermal energy for ap-
plications such as hot water and space heating. It is intended to analyse and state that
the Micro-CHP can support both demands (kW) in integrated grids with PV and battery
systems, aiming to keep them off-grid. The challenges associated with implementing this
system can be attributed to factors such as the fuel supply network, acquisition costs,
maintenance requirements, and adaptation to imposed loads. Overcoming these challenges
is crucial for the successful implementation of such a system. This study aims to address
these challenges by effectively integrating the electrical production of the Microgeneration
system with the imposed load requirements, particularly in the context of photovoltaic
energy, where renewable energy production may be limited.

It is important to establish a framework that enables the fulfilling of load requirements
imposed on the network while effectively predicting and meeting the thermal demands
for domestic hot water and residential heating. To achieve this objective, it aims to employ
appropriately sized machines, coupled with prediction networks and energy storage sys-
tems. This integrated approach allows for more accurate and efficient management of the
system, ultimately mitigating and satisfying the imposed needs. By utilizing advanced
prediction technologies and optimizing energy storage, the demands placed on the system
can be effectively suppressed, ensuring a reliable and efficient operation. To optimize the
operation of the proposed system, machine learning techniques are employed. Specifically,
artificial neural networks (ANNs) are used to predict the electrical load and PV power
based on the load profile and PV production of the previous day. This innovative approach
allows for the proactive planning and control of electrical and thermal energy, enhancing
network safety and efficiency. The main challenge, then, is to efficiently interconnect and
coordinate these diverse technologies within the network.

The proposed Micro-cogeneration system’s performance, integrated with PV panels
and batteries, will be analysed using MATLAB simulation.

2. Literature Review
2.1. Micro-Cogeneration Systems with Internal Combustion Engines

Micro-CHP systems featuring internal combustion engines (ICEs) have emerged as
the preferred choice for small-scale applications, owing to their robustness and time-
tested technology [7]. Nevertheless, regular maintenance is crucial for maintaining their
operational viability [8]. These systems demonstrate versatility in terms of fuel use and can
be adapted to fulfil the electricity and heat requirements of the infrastructure where they
are deployed [9].

The energy yielded from the fuel is apportioned into three parts: approximately one-
third is converted into mechanical work, another third dissipates as heat in the exhaust
gases, and the remaining third is manifested as internal engine heat losses. Some of these
heat losses occur due to various heat transfer mechanisms within the engine’s cooling
circuit [6].

When implemented into Micro-cogeneration, internal combustion engines generally
adopt a standard configuration as depicted in Figure 1. The system’s constituent elements
comprise an engine, a generator, a heat recovery system—including a water jacket and
exhaust gas heat exchangers—and an acoustic isolator. The engine propels the generator
through its mechanical energy, while the heat exchangers recover thermal energy from the
engine’s exhaust system and cooling circuits. A pump typically drives the heat recovery
system, prompting the coolant to circulate through the engine and into the heat exchangers,
consequently producing hot water [8].
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Figure 1. Standard configuration of a Micro-CHP system based on ICE.

Several brands have developed Micro-CHP systems based on internal combustion
engines. Honda pioneered the market in 2003 with the Ecowill Micro-CHP unit, sell-
ing 100,000 units in Japan [6]. This natural gas-powered unit marked the first Micro-
cogeneration system designed with an internal combustion engine, offering 1 kW of electri-
cal power and 3 kW of thermal power with an overall energy efficiency of 85% [10]. An
upgraded model launched in 2011 boasted an enhanced overall efficiency of 92% due to
the application of the “EXlink” engine, which features an expansion stroke longer than
the compression stroke thanks to a multi-link expansion linkage mechanism [11]. Other
notable entries into the market include Tokyo Gas’s natural gas-powered 6 kW system
with an efficiency of 86% and Yanmar Diesel Engine Co.’s system offering an output of
9.8/8.2 kW, with an efficiency of 81.55% and a heat recovery rate of up to 58/56% [8,12].

In Europe, SenerTec dominates the market, with over 20,000 units sold of their Dachs
model, which offers 5.5 kW of electrical power, 10 kW of thermal power, and an overall
efficiency of 90% [6,8]. A notable alternative comes from PowerPlus Technologies, which
has introduced the Ecopower Micro-CHP unit, providing adjustable electrical power rang-
ing from 4.7 to 1.3 kW thanks to engine rotation control and a frequency converter that
conditions the energy output for grid feeding. The unit’s thermal power ranges from 4 to
12.5 kW, with overall efficiency estimated at 89% [6].

2.2. Micro-Cogeneration Systems with Fuel Cells

Fuel cells are devices that produce electrical and thermal energy from chemical energy,
without involving combustion cycles. Hydrogen (fuel) and oxygen (oxidant) are the
chemical elements used to obtain the two forms of energy. Fuel cells are classified according
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to their working temperature or the type of electrolyte. The most suitable for cogeneration
systems are alkaline fuel cells (AFCs), proton exchange membranes (PEMs), phosphoric
acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells
(SOFCs) [13]. Their use in Micro-cogeneration has advantages such as low emissions, high
efficiency, low noise, and greater autonomy, creating independence from the grid [14]. The
complex processing or access to hydrogen, the time-consuming start-up, and the complexity
of integration in hybrid systems are the main barriers to the introduction of this technology
in Micro-cogeneration [15].

2.3. Challenges in Integrating Micro-Cogeneration into Residential Grids

Incorporating an internal combustion engine within the framework of Micro-
cogeneration into residential settings with existing photovoltaic panels and batteries poses
significant challenges. The primary hurdle is the effective interconnection of all energy
systems, aiming to optimize grid profitability while minimizing losses and costs. Conse-
quently, sophisticated and automated control systems are paramount for effective energy
management [16].

Darcovich et al. scrutinized a residential grid comprising these technologies and
emphasized that utilizing photovoltaic panels and batteries could yield economic benefits,
albeit to a lesser extent upon the integration of a Micro-CHP system [17]. The energy
consumption hierarchy generally prioritizes photovoltaic power due to its renewable
nature, followed by battery usage, and finally, engine operation when the photovoltaic
power and battery charge level prove inadequate.

For water heating applications, photovoltaic power is the primary energy source.
However, when it falls short, the engine’s thermal energy steps in. Compared to conven-
tional water heaters, engines cannot heat water as rapidly, leading to the inclusion of a
water cylinder in the system. This component provides a time buffer between the heat
produced by the Micro-CHP and the hot water utilized [18].

The complexity arises in deciding where to direct the electrical energy and estab-
lishing criteria for using the engine’s thermal energy. Further complications could stem
from the time taken to charge the battery while the engine simultaneously supports the
residence’s electrical load. These issues exemplify some of the potential difficulties faced
when amalgamating these technologies within a unified grid [17].

2.4. Machine Learning and Control Strategies for Energy Management

Addressing the significant electricity demand from off-grid sources has made energy
management a pressing issue in residential settings. Several innovative approaches have
emerged, using machine learning and control strategies to manage energy systems ef-
fectively, balancing energy distribution, and optimizing the use of photovoltaic panels,
batteries, and internal combustion engines in Micro-cogeneration. These strategies strive to
decrease energy consumption and enhance overall system performance.

Machine learning models extensively utilized in energy systems include artificial
neural networks (ANNs), multilayer perceptron (MLP), extreme learning machine (ELM),
support vector machines (SVMs), wavelet neural networks (WNNs), adaptive neuro-fuzzy
inference systems (ANFISs), decision trees, deep machine learning, ensemble models, and
hybrid advanced machine learning models.

ANNs serve as a framework for various machine learning algorithms designed to
process complex data inputs and can be applied to prediction, regression, and curve-fitting
methodologies. Their simplicity when faced with multi-variable problems makes them
stand out [19]. MLPs are a more sophisticated variant of ANNs, often referred to as
feedforward neural networks, widely used in process modelling and prediction [19–21].

An SVM, on the other hand, is particularly suitable for pattern recognition, classifica-
tion, and regression analysis due to its ability to execute generalizations. Its algorithms,
based on statistical learning theory for structural risk minimization, find wide applicability
in load forecasting [22].
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A WNN leverages a function to process a data series and yield an output value
for a specific input value. This model requires less learning time compared to the MLP
model [23]. The ANFIS methodology is a fusion of fuzzy logic and neural network features,
integrating an ANN based on the Takagi–Sugeno fuzzy inference system, marking it as
a hybrid machine learning method [24]. Decision trees utilize a tree-like model to make
decisions based on historical electric load data. Deep machine learning employs deep
neural networks to predict load based on past data, allowing for more precise future load
predictions due to its ability to learn complex, non-linear patterns. Ensemble techniques
amalgamate multiple prediction models into an overarching model to enhance prediction
accuracy. Finally, hybrid advanced machine learning models combine decision trees and
deep neural networks to accomplish highly accurate load forecasting [22].

All the methodologies can be deployed for energy forecasting and control.

3. Data Collection and Analysis
3.1. Residential Grid Data Sources

Load profiles were obtained from the Building America Housing Simulation B10
Benchmark. The base load profile represents the electrical demand (kW) and was estimated
by scaling the base load profile from other houses. A random deviation of ±20% was
included in the home’s load profile to consider variability.

A PV generation profile was collected from the solar radiation database PVGIS-
SARAH2, developed to calculate the electricity production of a photovoltaic system as
a function of solar radiation and other important climate variables. It is based on data
of global horizontal and inclined solar radiation, air temperature, wind speed, and other
climatic parameters, provided by meteorological stations or by regional climate models.
The model uses simulation and calculation algorithms to estimate the solar radiation of the
photovoltaic system, considering values such as latitude, longitude, elevation, declination,
azimuth, the nominal power of the PV system, and system losses. The latitude and longi-
tude refer to the location where the data were collected. The parameters and corresponding
values used to generate the hourly data in one year are presented in the following table
(Table 1).

Table 1. Solar radiation data.

Parameter Value

Latitude (deg.) 41.157
Longitude (deg.) −8.391

Elevation (m) 166
Slope (deg.) 37

Azimuth (deg.) 10
Nominal power PV system (kW) 3.5

System losses (%) 15

3.2. Data Analysis and Machine Learning

Artificial neural networks (ANNs) were employed with the generated data to pre-
dict the daily load and PV production profiles. These forecasts served as inputs for a
controller that determined the operation of the Micro-CHP system and battery. ANNs
are advantageous for this application because they can learn from and make predictions
based on time-series data. The ANN was trained using 80% of the collected data, with the
remaining 20% used for testing. The predicted and actual values were then compared to
gauge the performance of the ANN, with the root-mean-square error (RMSE) being used
as the performance index. This approach improves the optimized control of the system
considering the anticipated load profiles and PV production and thereby enhancing the
overall system performance.
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4. Mathematical Model
4.1. PV Model

To determine the power output of the photovoltaic modules, a model was used as a
function of cell temperature and solar irradiation. The power output of the photovoltaic
system (PPV) is given by Equation (1):

PPV = µmppt

(
PSTC

G
GSTC

(1 + αVOC(Tcell − TSTC))

)
NsNp (1)

where µmppt is the efficiency at the maximum power point track (%), PSTC is the maximum
power under STC (W), G is the given solar irradiance in each time step (Wm−2), GSTC is
the irradiance under STC (Wm−2), αVOC is the temperature coefficient of the open-circuit
voltage under STC (V °C−1), TSTC is cell temperature under STC conditions (°C), and Ns
are the modules connected in series and Np the modules connected in parallel, in each time
step. Tcell is the cell temperature in each time step (°C) given by Equation (2):

Tcell = Tamb +
G

GNOCT
∗ (NOCT− TNOCT) (2)

With the temperature in each cell given as a function of the ambient temperature
Tamb in each time step (°C), and GNOCT is the irradiance under NOCT conditions (Wm−2),
NOCT is the nominal operating cell temperature (°C), and TNOCT is the air temperature
under NOCT conditions (°C) [25,26]. The model specifications are listed in Table 2.

Table 2. PV model specifications.

Parameter Value

µmppt 95%
PSTC 250 W
GSTC 1000 Wm−2

αVOC −0.0044 V °C−1

TSTC 25 °C
GNOCT 800 Wm−2

NOCT 47.5 °C
TNOCT 20 °C

4.2. Battery Model

The kinetic battery model (KiBaM), shown in Figure 2, was proposed by Manwell
and McGowan and is used to capture non-linear capacity effects for state-of-charge (SOC)
tracking [27].
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The KiBaM uses two different reservoirs, called bound charge and available charge,
separated by conductance. The available charge reservoir q1 contains a charge that is
immediately available for use by the consumer, and the bound charge reservoir q2 contains
a charge that is chemically bound. Each has the same depth, but different widths and hence
different volumes. The width of reservoir 1 (available charge) is c and that of reservoir
2 (bound charge) is (1− c). The head in each reservoir is given by the width divided by
the area.

The battery’s total capacity is the sum of q1 and q2. The variable k represents the rate
at which charge flows from q2 to q1 [29].

The principle of the KiBaM model is as follows. When the battery is discharging, the
charge from q1 flows out and simultaneously the charge from q2 flows into q1, slowly with
k. The charge leaving q1 is faster than the charge entering, so the height difference between
q1 and q2 will increase. If the discharge is stopped, the charge from q2 flows slowly to q1
until the heights are equal (h1 = h2), depicted in the battery recovery effect. When the
battery is charging, reservoir q1 charges at a higher rate compared to reservoir q2 [27]. The
amount of energy contained in each reservoir in kWh at each time step is represented by
Equations (3) and (4). The kinetic battery model (KiBaM) specifications are listed in Table 3.

q′1 = q1e−k∆t +
(qbatkc− Pcd)

(
1− e−k∆t

)
k

−
Pcdc

(
k∆t− 1 + e−k∆t

)
k

(3)

q′2 = q2e−k∆t + qbat(1− c)
(

1− e−k∆t
)
−

Pcd(1− c)
(

k∆t− 1 + e−k∆t
)

k
(4)

Table 3. Kinetic battery model (KiBaM) specifications.

Parameter Value

k 0.38
c 0.271

In this context, the terms q′1, q′2 and q1, q2 are the available and bound charge at the
beginning and end of each time step, respectively. The variable ∆t represents the duration
of each time step, while Pcd refers to the power used to charge or discharge the system
during each time step, measured in kW, given by Equations (5) and (6):

Pd =
kq1e−k∆t + qbatkc

(
1− e−k∆t

)
1− e−k∆t + c

(
k∆t− 1 + e−k∆t

) (5)

Pc =
−kcqmax + kq1e−k∆t + qbatkc

(
1− e−k∆t

)
1− e−k∆t + c

(
k∆t− 1 + e−k∆t

) (6)

where qmax is the maximum capacity of the battery [29].

4.3. Micro-CHP Model

The Micro-cogeneration system that was chosen for this study was designed to fulfil
the specific objectives of the research. It was determined that the system should have
an electrical output range between 1.3 and 4.7 kW and a corresponding thermal output
ranging from 4 to 12.5 kW. This range was selected to ensure a versatile performance
capacity that can adequately respond to the varying demand conditions typically found in
residential settings.

To establish the correlation between the electrical and thermal output of the system, a
linear equation, Equation (7), was formulated:

ICIT = 2.5× ICIE + 0.75 (7)
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In Equation (7), ICIT denotes the thermal power and ICIE refers to the corresponding
electrical power. This relationship implies that for each unit increase in electrical output,
the thermal output increases by 2.5 times. The additional constant of 0.75 is the thermal
power produced when the electrical output is zero. This formula was developed to provide
a simple yet effective way to predict the system’s performance across its operating range.

Equation (7) is critical in managing the balance between the electrical and thermal
production of the Micro-CHP system. By being able to predict the thermal output for a
given electrical output, the system can be operated more efficiently and effectively, ensuring
that the heat produced is neither underutilized nor wasted.

In summary, this Micro-CHP model provides a robust framework for understanding
and predicting the performance of the system. It serves as a critical tool for optimizing
system operation, achieving energy efficiency, and facilitating effective integration with
other components of the energy system.

5. Machine Learning-Based Demand Prediction Model
5.1. Model Selection and Rationale

Load forecasting, enabled by machine learning, falls into three primary categories:
short-term load forecasting (ranging from one hour to one week), medium-term load
forecasting (spanning one week to one year), and long-term load forecasting (extending
over a year). Despite the established efficiency of these methods, individual household
load forecasting has shown to be more challenging compared to aggregate load forecasting.
Two prevalent approaches inform energy forecasting: one based on physical principles and
another rooted in statistical methods and machine learning [30].

Artificial neural networks (ANNs), part of the statistical and machine learning ap-
proach, simulate the functionality of human brain neurons within a computing framework.
In contrast to traditional computing, which excels in storing vast amounts of information
and reorganizing it according to specific instructions tailored for that task, ANNs present
a novel solution. The potential of ANNs for load prediction has been explored since
1990 [31]. These are parallel networks of simple processing units, designed to emulate the
functionalities and structures of the human brain to tackle complex problems [32].

In this study, artificial neural networks have been chosen for the prediction of electrical
load and photovoltaic production. Their ability to learn and model non-linear relationships
makes them particularly suitable for handling the complexities and fluctuations associated
with energy demand and renewable energy production. Their use in this context ensures a
more accurate and reliable forecast, which is crucial for efficient energy management and
control in residential grids.

5.2. Model Training and Validation

The multi-layer feedforward neural network (FFNN) is one of the most widely used
neural networks. In each network layer, each neuron response is provided by the activation
function with a cost given by a weighted sum, which acts as a threshold. For any two
consecutive layers (input-hidden, hidden-hidden, or hidden-output), [k− 1, k] can be
expressed mathematically by Equation (8):

yj = f j

(
∑n

i=1 ωij × xi + bj

)
, i ∈ [0, n] j ∈ [0, m] (8)

where n is the number of neurons in layer k− 1 and m is the number of neurons in layer
k with n, m ∈ Z+; yj is the output of neuron j, xi is the input signal to neuron j coming
from neuron i; bj is the bias of neuron j; and finally wij is the synaptic connection weight
between neurons i and j [33].
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ANN learning is elaborated in a process known as supervised learning, which consists
of updating the weight of the vector to minimize the error. In this work, the performance
(error) function chosen is the mean squared error, given by Equation (9):

MSE =
1
N ∑n

i=1(yi − ŷi)
2 (9)

where N is the number of training samples, ŷi is the current network output, and yi is
the desired output response [34]. However, when implementing an ANN, a non-trivial
set of sensitive aspects, i.e., with an impact on work performance, must be chosen. These
aspects include the choice of input variables (load, weather variables, etc.), the size of the
training vectors, the number of hidden layers, the number of neurons in each hidden layer,
the choice of the training method, the activation functions and the stopping criteria, and a
network topology itself [34].

This article employed two feedforward neural networks with a 15-neuron architecture
and a single hidden layer to accurately forecast both PV demand and load consumption for
the next two hours. These ANNs were designed with five inputs each, specifically chosen
to represent lag variables from the training dataset that displayed the strongest correlation.
The selection process for these lag variables was conducted through an autocorrelation
test, guaranteeing the inclusion of highly influential predictors to enhance the accuracy of
the forecasts.

6. Control Strategy for Flexible Operation
Designing the Control Strategy

In the development of the control strategy, energy direction priorities toward different
demand types were initially defined. This was necessary to ensure that the resulting
simulation would align with the intended requirements. The priority was to ascertain if the
photovoltaic production in the upcoming two hours would present a surplus or a deficit
when compared to the load forecast for the same duration. The underlying objectives of
energy efficiency and economic and environmental sustainability were crucial in the process
of optimizing these types of hybrid systems [35]. These considerations were consistently
central throughout the development of the strategy.

The simulation operated iteratively for each hour within the following two hours. This
resulted in graphical representations of the electric load profile, the water heating profile
contained in the electric cylinder, and the state-of-charge (SOC) profile. Current conditions
such as SOC, predicted electric load, and forecasted photovoltaic production inform these
iterations and align with defined hypotheses.

The selection of a two-hour horizon in the simulation considers several factors to
ensure optimal performance of the Micro-cogeneration system. One of the primary consid-
erations is the need to minimize prediction errors in forecasting photovoltaic production
and load demand. By limiting the time horizon to two hours, the accuracy of the predictions
can be significantly improved, as shorter time intervals generally yield more reliable re-
sults. Additionally, the two-hour horizon allows sufficient time for the Micro-cogeneration
system to ramp up its energy production to meet the anticipated demand. This is par-
ticularly crucial in situations where the system needs to generate thermal energy, as it
requires time for the engine to reach optimal operating conditions and produce the desired
output. By starting the production of thermal energy within a two-hour timeframe, the
Micro-cogeneration system can efficiently answer to the expected demand without compro-
mising its performance. It is important to consider that increasing the time before initiating
the production of thermal energy could lead to greater energy losses. This is because
the system would need to operate for a longer duration without fulfilling the demand,
resulting in wasted energy and reduced overall efficiency. By confining the simulation to a
two-hour horizon, the Micro-cogeneration system can align its energy production more
closely with the forecasted requirements, minimizing unnecessary energy losses and maxi-
mizing energy utilization. In summary, the choice of a two-hour horizon strikes a balance
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between reducing prediction errors and ensuring efficient energy utilization within the
Micro-cogeneration system. This timeframe allows for more accurate predictions, provides
adequate time for the system to ramp up energy production, and minimizes energy losses,
ultimately enhancing the overall performance and effectiveness of the Micro-cogeneration
system in answering to residential energy demands.

The primary step in the simulation involves identifying a deficit or surplus in PV
production for each hour within the forthcoming two hours. This process, termed CheckPv,
requires subtracting the anticipated electrical load from the projected photovoltaic pro-
duction (load_next_2 h-Pvproduction_next_2_h). In a deficit scenario (CheckPv > 0), it is
ensured that the photovoltaic power does not support the water heating contained in the
cylinder (CheckWh = water_heat-0), prioritizing the electric load demand instead. If the
SOC is sufficient to support the load (SOC > 0.2), the battery is employed to fully cater to
the electric load, provided the conditions are favourable. In instances where the battery
cannot fully support the electrical load and the water heating load is engine-supported, the
engine’s electrical energy assists with the remaining electrical load. If the battery fully sup-
ports the load, the engine’s electrical energy is redirected to charge the battery. In scenarios
where SOC is insufficient (SOC < 0.2), the Micro-cogeneration system aids in supporting the
electric load, and the produced thermal energy is directed toward water heating. The heat
exchange process heats the water contained in an electric cylinder using the engine. While
the engine supports the electric load, it simultaneously charges the battery. In situations
of surplus photovoltaic production (CheckPv < 0), the electric load demand is prioritized,
followed by water heating. If the photovoltaic energy is insufficient for water heating,
the deficit is compensated with thermal energy from the Micro-cogeneration system. The
produced electrical energy is then utilized to charge the battery. If the solar energy is ample
for water heating, any surplus is redirected to battery charging. The strategy outlined is
presented in an accompanying flow chart (Figure 3).
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7. Simulation and Validation
7.1. Simulation Setup and Scenarios (PV/Battery/Micro-CHP)

The residential grid in focus includes an integrated Micro-CHP unit with electrical
power ranging from 1.3 to 4.7 kW and thermal power from 4 to 12.5 kW. It has an electrical
and thermal efficiency that reaches 24.7% and 64.2%, respectively. The system is also
equipped with a battery of 5 kWh capacity and a photovoltaic (PV) panel with a power
capacity of 3.5 kWp. It is postulated that the grid is furnished with smart meters that
collect and report data for the forthcoming two hours. The data gathered by these smart
meters facilitate the intelligent management of the Micro-CHP unit, battery, and PV panel
to adequately respond to the electrical demand of the Microgrid. Additionally, the system
also manages the demand for hot water stored in a cylinder. This thermal demand can be
addressed either by the PV panel, via conversion of excess electrical energy, or directly by
the thermal energy produced by the Micro-CHP engine, as depicted in Figure 4.
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Figure 4. Main components of the simulation.

The forthcoming graphics, based on the simulation run in MATLAB, illustrate different
scenarios depending on whether there is an excess or deficit of photovoltaic production,
in conjunction with the state of charge (SOC) of the battery. More precisely, scenarios
of photovoltaic excess or deficit combined with a low or high SOC will be exhibited at
various times throughout the year. These scenarios will be constructed on the prediction
of the electric load and photovoltaic production for the forthcoming two hours, utilizing
neural network models. These conditions will be put to the test for different combinations
of systems, specifically the PV/battery/Micro-CHP, PV/Micro-CHP, and battery/Micro-
CHP configurations. The integration of the fuel cell in the system as well as its use for
the simulation did not occur due to the usual unavailability of piped hydrogen within a
household, compared to natural gas which is much more accessible.

In a load profile comprising 8760 h, an hour was selected for simulation purposes.
The SOC of the battery was set for this same hour, and the predictions for the electric load
and photovoltaic production for the next two hours were generated using a feedforward
neural network. Below are two figures representing the load profile and production
profile days. These figures provide a comprehensive view of a 24 h day, with predictions
made at 2 h intervals. Figure 5a shows the results for a cloudy day, showcasing the
fluctuations in load demand and energy production throughout the day under overcast
weather conditions. Conversely, Figure 5b depicts a sunny day, highlighting the load profile
and energy production when solar irradiation is abundant.
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Consider the case of the system equipped with PV panels, battery, and Micro-CHP. The
simulation was conducted for a period where either a deficit or an excess of PV production
arises, and the SOC was either lower or higher than 0.2. At 11 am on a cloudy day, for peak
demand and a situation where there is a deficit in photovoltaic production and the SOC is
less than 0.2, the results are shown in Figure 6.
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As evident in Figure 6a,b, during the first forecasted hour, the photovoltaic generation
deficit (with a projected electrical demand of 1989 W and a photovoltaic power of 386 W)
is compensated by 1603 W of electrical energy (ICE E) from the Micro-CHP. Furthermore,
4009 W of thermal energy (ICE T) from the Micro-CHP offsets the demand of 663 W for
water heating (as shown in Figure 5c), with 3346 W of thermal surplus being used for
storage in a thermal accumulator, from which can be drawn heat for space heating. In
the second forecast hour, 1161 W of the electrical power of the engine compensates for
the PV production deficit, with a forecasted electric demand of 1871 W and a PV power
of 710 W. Given the need to meet the water heating demand, the Micro-cogeneration
system compensates the 565 W of demand with 2904 W of thermal power. Here, 2339 W
of the thermal surplus is for storage in a thermal accumulator. In Figure 6d, the SOC is
kept constant.

In the identical situation of a PV generation deficit, but where the SOC is greater than
0.2, the results for the previous case are shown in Figure 7.
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As depicted in Figure 7a,b, in the first forecasted hour, the PV generation deficit
(with a forecasted electric demand of 1989 W and a PV power of 386 W) is offset by
discharging 772 W from the battery. Because the battery cannot fully support the electrical
load, 831 W of electrical power (ICE E) from the Micro-CHP compensates for the remainder.
Moreover, 2079 W of thermal power (ICE T) from the Micro-CHP compensates for the
663 W water heating demand, with 1416 W of thermal surplus deployed for storage in a
thermal accumulator.
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During the second forecasted hour, 169 W from the battery and 992 W of electrical
power (ICE E) from the Micro-CHP offsets the PV production deficit, given a forecasted
electric demand of 1871 W and a PV power of 710 W. Considering the requirement to satisfy
the water heating demand, the Micro-CHP system compensates with 2482 W of thermal
power for the 565 W of demand. Here, 1917 W of thermal surplus is used for storage in a
thermal accumulator. Figure 7d presents the SOC from the current time (SOC = 0.5) to the
end of the two-hour forecast (SOC = 0.3). As described previously, in the first hour (1 to 2)
the battery discharges to compensate for electrical demand, and in the second hour (3 to 4)
the battery discharges to also compensate for demand.

At 1 pm on a sunny day, for peak demand and a scenario of excess PV production,
where the SOC is less than 0.2, the results are shown in Figure 8.
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As observed in Figure 8a, during the first forecasted hour, where the photovoltaic
power is 1980 W and the electrical demand is 1567 W, solar production fully covers the
electrical demand. The excess PV production (412 W) assists in fulfilling the demand for
water heating. However, since it does not entirely compensate, 32 W of thermal power from
the Micro-CHP makes up the water heating demand (shown in Figure 8b). Additionally,
13 W of electrical power from the Micro-cogeneration system is used to charge the battery
(1 to 2) (Figure 8c). In the second forecasted hour, with a photovoltaic power of 2178 W and
an electrical demand of 1476 W, solar production completely satisfies the electrical demand.
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The surplus solar production (702 W) caters to the water heating demand of 404 W. The
remaining 298 W is used to charge the battery (as seen in Figure 8c).

For the situation of excess PV production and a SOC greater than 0.2, the results are
identical to the previous case because there is no requirement to support the residential
electrical demand with the battery. Consequently, the battery is charged in the same cycles
(as shown in Figure 8c). In situations where the SOC equals 1 (shown in Figure 8d), it is
not feasible to utilize the electrical energy from the Micro-CHP in the first prediction hour;
13 W is wasted because the battery is at its maximum SOC.

7.2. Simulation Setup and Scenarios (PV/Micro-CHP)

This simulation introduces a Micro-cogeneration system with electrical power ranging
from 1.3 to 4.7 kW and thermal power from 4 to 12.5 kW into a residential grid, comple-
mented by a photovoltaic (PV) panel with a power capacity of 3.5 kWp. In the situation of
a PV production deficit, identical to the case examined in Section 7.1 (see Figure 6a), during
the first forecasted hour, the PV generation deficit of 1603 W, arising from an expected
electrical demand of 1989 W against a PV power of 386 W, is covered by the 1603 W electric
power of the Micro-CHP system (as depicted in Figure 9a). The 663 W water heating
demand is fulfilled by the 4009 W thermal power of the Micro-CHP, while the surplus
of 3346 W of thermal power is allocated to storage in a thermal accumulator (Figure 9b).
Similar operations are performed in the second forecast hour, with the 1161 W deficit being
met by the Micro-CHP system’s electrical power (illustrated in Figure 9a). Additionally,
565 W of the water heating demand is compensated by the Micro-cogeneration system’s
2904 W thermal power, leaving a thermal surplus of 2339 W for storage in a thermal ac-
cumulator. In instances of excess PV production, following the same case simulated in
Section 7.1 (shown in Figure 8a,b), the results remain consistent as anticipated.
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7.3. Simulation Setup and Scenarios (Battery/Micro-CHP)

The focus of this sub-section is the simulation of the interaction between the Micro-
CHP and a battery within a residential network. The system incorporates a Micro-CHP
unit with electrical power ranging from 1.3 to 4.7 kW and thermal power from 4 to 12.5 kW,
alongside a battery with a capacity of 5 kWh. The scenario examined here is identical to
the one represented in Figure 6a, with a battery state of charge (SOC) less than 0.2. The
results are as follows: In the first hour of prediction, with an electrical load demand of
1989 W, the electric power of the Micro-CHP fully satisfies this demand (refer to Figure 10a).
The 663 W water heating demand is met by 4974 W of thermal power of the Micro-CHP.
The surplus 4311 W of thermal power is used for storage in a thermal accumulator (as
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depicted in Figure 10b). Since the battery only supports the electrical load demand, the
water heating demand is consistently covered by the thermal power of the Micro-CHP.
Figure 10c provides a visual representation of the battery’s unitability.
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In the second forecast hour, featuring an electrical load demand of 1871 W, the electric
power of the Micro-CHP fully satisfies this demand. The water heating demand of 565 W is
met by 4679 W of thermal power of the Micro-CHP, with the remaining 4114 W of thermal
power utilized for storage in a thermal accumulator (refer to Figure 10b).

In cases where the state of charge (SOC) is greater than 0.2, the results unfold differently.
In the first forecast hour, with a predicted electrical load demand of 1989 W, the battery
supplies 772 W while the Micro-CHP compensates for the remaining load with 1217 W
(refer to Figure 11a). The 663 W water heating demand is met by the 3044 W of thermal
power of the Micro-CHP. The surplus of 2381 W of thermal power is used for storage in a
thermal accumulator (as depicted in Figure 11b).

During the second forecasting hour, with an anticipated electrical load demand of
1871 W, the battery provides 169 W, and 1703 W is compensated by the electrical power
from the Micro-CHP. The 565 W water heating demand is met by the 4258 W of thermal
power of the Micro-CHP. The surplus 3693 W of thermal power is used for storage in a
thermal accumulator (as depicted in Figure 11b).

As can be observed in Figure 11c, the battery discharges to support the load (1 to 4).
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8. Performance Evaluation of the Proposed Solution

Among the three system simulations performed, the PV/battery/Micro-CHP system
demonstrated the highest profitability according to the findings. In the PV/Micro-CHP
system, the load can be totally supported by the PV production; however, it falls short
of completely satisfying the water heating demand, as indicated in Figure 8. This deficit
makes it necessary to resort to the Micro-CHP system. Ideally, in this scenario, the electrical
energy should be directed to battery charging. But in the absence of a means of storage, a
waste of 13 W is inevitable. However, this waste does not have a significant impact on the
overall profitability of the system since photovoltaic production covers 98% of electricity
demand and water heating needs.

In conditions where photovoltaic production is deficient, the energy generated by the
engine matches the output of the battery/Micro-CHP system. However, the former is more
efficient due to its partial reliance on renewable energy sources. In the battery/Micro-CHP
system, the primary technology supporting the water heating demand is the Micro-CHP,
making the system heavily dependent on it. The inclusion of a battery helps to minimize
the electric and thermal power production when the Micro-CHP and the battery jointly
support the electricity demand, thanks to the ability of the system to vary the electric and
thermal production. Power losses only occur if the state of charge (SOC) is at maximum
capacity, as energy is then diverted to meet residential electrical demand or charged to
the battery.

Comparing the use of the cogeneration system with the conventional system, the
Micro-CHP is more efficient in water heat demand in addition to solving the need for
electricity production. Considering the thermal efficiency mentioned above for the Micro-
CHP and electrical efficiency, from the conventional use of an electric storage water heater
(ESWH) of 40%, the results of the power required to satisfy 663 W of water heat demand
are as shown in Figure 12.

To reach 663 W of water heating demand, in the first hour of the profile of Figure 5c, it
is necessary to introduce 1657 W of electric power in the system without the Micro-CHP
(2); a little bit higher in value compared to the system with the Micro-CHP (1) that needs
1033 W. It is confirmed that the conventional use of an ESWH is less efficient compared to
the use of a system with the Micro-CHP.

Figure 12 compares the same case, but instead of an ESWH, if the comparison is made
with a heat pump (that nowadays can reach 111% efficiency) to reach 663 W of water
heating demand, in the first hour of the profile of Figure 5c, it is necessary to introduce
597 W of electrical power in the system with the heat pump (2). The value is lower,
compared to the system with the Micro-CHP (1), which needs 1033 W. Considering the case
study, there is a higher efficiency for the Micro-CHP to satisfy the water heating demand.
Despite the reduced efficiency compared to the heat pump, with the Micro-CHP, the system
becomes more autonomous because, besides the thermal energy production, electric energy
is produced in the same process allowing better management of the system, unlike heat
pumps which do not add anything to the electricity grid. This electrical energy can be
directed to the battery in case the PV power does not fully compensate for the water heating
demand, as is visible in the case of Figure 8b,c. On the other hand, it can compensate for
the household electric demand when the battery SOC is reduced, as is the case in Figure 6b.

Continuous enhancements and adjustments were integrated throughout the study to
enhance the overall efficiency, resilience, and autonomy of the grid. The use of a Micro-
CHP system with adjustable output avoids the need for a constant output at different
load profiles. This flexibility avoids wasted energy and allows the Micro-CHP system to
adapt to the required demand. Significant emphasis was placed on establishing priority
assumptions from the outset, such as supporting an electric load and subsequently meeting
the demand for water heating from thermal energy storage; more specifically, an electric
water cylinder.
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9. Conclusions
9.1. Summary of Findings

The development of an electrical load and photovoltaic (PV) production forecasting
tool based on a feedforward neural network (FFNN) was a significant step toward enhanc-
ing energy management in this study. This tool allowed for optimal operational planning
over a two-hour horizon, ensuring that the output of the Micro-combined heat and power
(Micro-CHP) system was meticulously managed to minimize energy wastage.

The forecasting tool proved instrumental in pre-emptively driving the engine oper-
ation, enabling the system to strategically modulate the electrical or thermal output to
align with the anticipated demand conditions. The anticipation of changes in load allowed
for the optimal use of the Micro-CHP system’s output, contributing significantly to the
improvement of the system’s efficiency and the overall reduction in energy wastage.

When the Micro-CHP was integrated into a PV/battery/Micro-CHP system, the gains
were most substantial. The interplay between the Micro-CHP, battery, and PV production
allowed for a highly efficient and reliable energy system, ensuring that demand could be
met under various conditions while reducing dependency on the grid. Comparatively, the
system incurred negligible losses in comparison to the standalone PV/Micro-CHP system,
demonstrating the benefit of integrating a battery into the energy system.

On the other hand, in the battery/Micro-CHP system configuration, expenses were
slightly higher, as the Micro-CHP served as the core component of the system. It was
responsible for catering to a significant proportion of the demand and was, therefore,
subject to more extensive use, which resulted in higher operational costs.

However, the study revealed that the optimal system configuration was achieved
when the Micro-CHP was utilized as a backup energy source. In this configuration, the
Micro-CHP system could step in to supply the required load in instances of a photovoltaic
deficit or when the state of charge (SOC) of the battery fell below 0.2. This setup ensured
that the system could function entirely off-grid during these periods, thereby contributing
to significant improvements in system efficiency while enhancing grid independence
and resilience.

9.2. Contributions to Grid Resilience, Energy Efficiency, and Renewable Energy Integration

The findings and methodologies presented in this research make a significant contri-
bution to enhancing grid resilience, energy efficiency, and the incorporation of renewable
energy. The optimization of the PV, battery, and Micro-CHP systems in a single platform en-
sures that not only is the supply of energy consistent, even during instances of photovoltaic
deficits, but also that energy usage is optimized, effectively minimizing wastage.

The effective management of the proposed model serves to greatly improve the
resilience of residential grids by integrating a robust and efficient backup system. This
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backup system, powered by the Micro-CHP unit, ensures that a reliable and steady source
of power is always available to meet demand, even in situations where renewable energy
sources are inadequate. This effectively strengthens the ability of the grid to withstand and
adapt to changing conditions, significantly enhancing its overall resilience.

In terms of energy efficiency, this research’s model takes significant strides forward.
The meticulous planning and operational control allowed by the forecasting tool ensure
that the Micro-CHP system’s output is optimally used, minimizing energy wastage and
thereby improving overall energy efficiency. This improved efficiency not only reduces
operational costs but also contributes to the overall sustainability of the system.

Furthermore, this study contributes meaningfully to the broader push toward renew-
able energy integration. The proposed model harnesses the power of renewable energy
sources, namely photovoltaic panels, to meet residential demand for electricity and hot
water. By developing a system that can operate independently of the grid during periods of
low battery state of charge and photovoltaic deficits, this research facilitates increased uti-
lization and adaptability of renewable energy resources. This not only reduces dependency
on conventional, non-renewable energy sources but also helps propel the move towards a
more sustainable, renewable energy future.

By efficiently combining renewable sources and storage with a backup Micro-CHP
system, the proposed model allows for a more flexible and sustainable energy supply. It
marks a step forward in the direction of creating more resilient, efficient, and sustainable
energy systems, effectively addressing some of the most pressing challenges of our current
energy landscape.

9.3. Limitations and Future Work

While this study has yielded promising results and insights, it is essential to acknowl-
edge that the current literature on the integration of a Micro-CHP into a PV/battery/Micro-
CHP system is sparse. There is considerable potential for such integrated systems in various
settings, especially in buildings and residential complexes. The development and imple-
mentation of off-grid systems like the one proposed in this study can greatly enhance the
interconnectivity between residential demands and surrounding technologies, ultimately
offering comprehensive benefits across multiple aspects of energy use and management.

However, even with the notable advances presented in this research, there remain areas
for further exploration and improvement. One such area is the more effective utilization
of thermal power. Despite the optimization measures put in place, thermal power still
constitutes the most wasted part of the system, indicating a substantial opportunity for
further enhancements in system efficiency.

As a prospective avenue for future research, it is worth considering the development
of thermal energy storage systems. Such systems could effectively store energy to be
utilized for various thermal applications, providing heat when needed. This approach
would not only enhance the efficient utilization of thermal power but also lead to overall
improvements in system performance. Exploring and implementing thermal energy storage
solutions holds great potential for advancing the effectiveness and efficiency of the system,
thereby contributing to its overall performance enhancements.

Additionally, future research could delve into optimizing the system across diverse
weather conditions and geographical locations, recognizing the significant influence these
factors have on PV production and the requirements for residential temperature man-
agement. Such work could help to make the system even more versatile and adaptable,
enhancing its suitability for a broader range of applications.

In conclusion, while this study marks a significant step forward in the optimization
of Micro-cogeneration systems within residential grids, there remains much potential
for further research and development. It is anticipated that the continuation of work in
this area will yield even more efficient, flexible, and sustainable solutions for residential
energy management.
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