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Abstract: Reduction or elimination of reliance on traditional fossil fuels and of the emission of
greenhouse gases and pollutants into the environment are affecting energy technologies, systems, and
applications. In this context, one potential approach to achieving sustainability, decarbonization, and
ensuring the energy and economic viability of existing and future energy systems involves adopting
one or more renewable sources. The presented paper concentrates on examining the performance of
a small-scale hybrid renewable polygeneration system. This system utilizes biogas produced through
anaerobic digestion, which is then supplied to an internal combustion engine, along with solar energy
converted into electrical energy by photovoltaic modules and wind energy harnessed through a wind
turbine. A small-scale user, represented by residential buildings and a zootechnical farm with heating,
cooling, and electrical energy demands, serves as the case study. TRNSYS software is employed to
design and model the system, considering realistic assumptions about technical aspects and user
energy requirements. The investigation involves analyzing the system’s operation, considering both
energy and economic perspectives. The paper discusses the pros and cons of combining biogas,
solar, and wind energy in the proposed hybrid system under the considered case study. Despite
non-satisfactory economic profitability without incentives, the proposed system allows one to save
significant amounts of primary energy and carbon dioxide equivalent emissions.

Keywords: biogas; solar energy; wind energy; polygeneration; energy analysis; economic analysis;
residential; zootechnical; dynamic simulation

1. Introduction

In the present-day energy sector, we observe a dynamic interplay of various forces.
Among these forces are a surging energy demand, environmental concerns calling for
enhanced energy efficiency and emissions reduction, and the increasing integration of
renewable energy sources. Concurrently, sustainable development and emerging tech-
nological challenges exert their influence in shaping the new paradigms of the energy
sector [1,2].

Conventional fossil fuels, once widely utilized without discrimination, have under-
gone a decline or even abandonment in various energy generation applications in favor of
increasingly prevalent and reliable renewable energy sources [3]. However, this transition
introduces fresh challenges in designing energy systems, primarily due to the inherent
characteristics of renewables, such as their variability and intermittency [4]. These at-
tributes render the technical adoption of renewables more intricate when compared to the
programmable and manageable nature of conventional energy sources. Additionally, it is
crucial to consider the relatively lower energy density, particularly noticeable in solar and
wind energy applications [5].

Hybrid systems can provide a remedy for addressing challenges linked to individual
renewable energy sources through the combination of two or more sources [6]. While
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hybrids are prevalent in medium- to large-scale applications, there is potential for small-
scale hybrid renewable energy systems to revolutionize distributed generation [7]. In fact,
such systems are common in microgrid applications [8], for which complex design and
operation scheduling methodologies are applied [9,10]. Among the alternatives, biomass-
based energy systems stand out due to their capability for both heat and electrical energy
generation, coupled with ample source availability [11].

The existing scientific literature lacks comprehensive coverage of small-scale and
micro-scale hybrid biomass systems (power lower than a few hundred kW), particularly
those relying on combined heat and power units fueled by biogas, wind turbines, and
photovoltaic modules. Typically, when dealing with the hybridization of biomass systems,
only one additional energy source is considered. In a study [12], an integrated system
featuring an organic rankine cycle (ORC) fueled by biomass and connected to a wind
turbine was explored. The study evaluated component sizing and performance under
various modes: full biomass, full wind, and two hybrid modes with different wind turbines
and ORC units. The findings revealed that the ORC unit could be adjusted or partially
operated during substantial wind output. Furthermore, hybrid systems reduced biomass
consumption by up to 50% and diminished surplus electric energy by 40% to 70% compared
to a fully biomass system.

The exploration of hybrid biomass-wind systems in microgrids is the subject of nu-
merous studies. In one instance [13], a 100 kW wind turbine and a 150 kW biomass gasifier
with energy storage were scrutinized for a village in India. The study employed real-time
load data and HOMER software for energy-economic analysis. Results indicated that
the wind-biomass gasifier system achieved a lower energy cost (USD 0.078) compared
to a traditional wind-diesel engine setup (USD 0.165). Another study [14] delved into a
hybrid system comprising a wind turbine, a biogas generator, and photovoltaic panels for a
typical UK household. Using energy consumption data and thermoeconomic analysis with
HOMER, the optimal configuration was determined to be a 1-kW wind turbine, a 1-kW
biogas genset, and four 2.52 kWh battery units, resulting in the lowest levelized cost of
energy (USD 0.588/kWh).

In a different hybridization endeavor [15], biomass-wind systems were enhanced
with photovoltaic panels. A multi-objective optimization, considering economic and
environmental factors, disclosed that a lower environmental impact correlated with higher
system costs. Wind power was found to exert a significant positive impact due to its
lower cost and environmental footprint compared to biomass and solar energy. A 50%
reduction in emissions was achievable with a slight increase in investment costs. Examining
a microgrid biomass combined heat and power (CHP) system, a study [16] has investigated
the integration of small-scale wind turbines, biomass gasifiers, gas storage, photovoltaic
modules, battery storage, thermal energy storage, and auxiliary boilers. Design and
scheduling utilized an economic linear programming model. The most economically
viable design encompassed a biomass CHP system combined with photovoltaic panels
and batteries.

A hybrid microgrid system connected to the grid, incorporating wind, photovoltaics,
and biomass, underwent evaluation in Pakistan [17] for both techno-economic feasibility
and electricity generation potential. The Homer Pro software optimized the system for
resilience and cost-effectiveness. The estimated cost of the 73.6 MW hybrid system was
USD 180.2 million, with a levelized cost of energy amounting to USD 0.05744/kWh.

The exploration of small and micro-scale hybrid biomass-solar-wind systems, partic-
ularly their complex operation-energy-economic evaluation using dynamic simulations,
remains an area of limited investigation. Hence, this paper introduces an analysis of the
operation, energy, and economic performance of an innovative micro-scale polygeneration
system. This system integrates anaerobic digestion based on zootechnical feces and corn
silage, an internal combustion engine, an adsorption chiller, a wind turbine, and a photo-
voltaic field. To the best of the author’s knowledge, in this paper, the proposed system and
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the considered case study are investigated for the first time in the literature by means of a
dynamic modeling/simulation approach.

The investigation has been focused on the analysis of the system’s dynamic operation
and its energy and economic performance under real-world assumptions and user scenarios.
The novelty of the paper lies in the investigated layout of the system, the small-scale
case study, and the methodology adopted. As for the last one, in the current paper, it
is the first time in scientific literature that a dynamic model for biogas generation and
storage is coupled with a complex dynamic model of the installation, including the internal
combustion engine, photovoltaic field, wind turbine, adsorption chiller, building, and
a complex control strategy of the system. The modeling is based on the very realistic
energy demand of the user; moreover, the system operation is simulated with a high time
resolution in order to take into account the dynamic behavior of the system.

For this study, TRNSYS software v18.04 is employed, facilitating modeling and design
as well as performance analysis through transient simulations. The paper delineates the
system layout, operational strategy, and primary model assumptions. The case study in-
volves a farm with five households situated in Polish seaside weather conditions (Gdańsk).
Results are presented for a representative operation day and on a weekly and yearly basis.
The paper concludes by summarizing the key findings of the research.

2. Materials and Methods
2.1. Layout and Operation of the System

In the proposed polygeneration setup (Figure 1), the generation of electrical energy is
accomplished by employing a combined heat and power (CHP) unit utilizing an internal
combustion engine, a wind turbine, and a photovoltaic field.
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Concerning thermal energy, surplus thermal energy from the CHP is directed to the
user heating system through a storage tank during the winter season. In the cooling season,
the heat is harnessed to produce space cooling using an adsorption chiller. Furthermore,
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throughout the entire year, the generated thermal energy serves the dual purpose of
meeting the demand for domestic hot water and heating the anaerobic digester to produce
the necessary biogas to fuel the system.

The system under evaluation comprises multiple loops, delineated as follows:

• HW, hot water, serves as the working fluid for the thermal loops;
• CHW, chilled water, represents the water supplied by the chiller unit to the user for

space cooling.
• CW, cooling water, is the water employed to dissipate the heat rejected by the chiller

and/or produced in excess by the system;
• AT, aqueduct water, denotes water sourced from the mains and utilized in producing

domestic hot water;
• DHW, domestic hot water, is the sanitary water consumed by the user;
• EP, electrical power, refers to the electrical output of the system and the power ex-

changed with the grid.

Furthermore, the system incorporates the following primary components:

• CHP, combined heat and power unit, an internal combustion engine fueled by biogas;
• WT, wind turbine, a horizontal-axis wind turbine;
• PV, photovoltaic field, a collection of monocrystalline photovoltaic modules;
• TK1, a stratified tank for storing heat produced by CHP, and an auxiliary heater;
• TK2, a tank dedicated to domestic hot water production;
• FER, a fermenter, an anaerobic digester for zootechnical feces and corn silage, equipped

with biogas storage;
• AHX, auxiliary heat exchanger, employed to control the temperature at the CHP inlet;
• AUX, auxiliary boiler, a biogas boiler used to supplement the heat produced by CHP;
• ADS, adsorption chiller, responsible for producing space cooling;
• DC, dry cooler, used to dissipate heat from the system.

The system is also equipped with several pumps (P), a diverter (D), and a mixer (M)
to regulate fluid flows within the system.

The control strategy of the proposed system is based on the following principles, listed
in order to present the characteristics of operation:

• The CHP unit operates to maintain the temperature of TK1 between 62 and 65 ◦C,
utilizing a proportional controller to set the load factor of CHP between 0.53 and 1.00.

• AUX is activated when the top temperature of TK1 drops to 59 ◦C and is turned off
when a temperature of 63 ◦C is reached.

• The top temperature of TK2 is kept approximately 0.5 ◦C lower than the top tempera-
ture of TK1.

• FER temperature is maintained between 39 and 41 ◦C, utilizing a proportionally
controlled diverter-mixer-bypass loop (not shown in Figure 1 for clarity) to manage
the flow supplied to the internal heat exchanger of FER.

• The activation of AHX occurs when the inlet temperature of CHP exceeds 70 ◦C.
• ADS produces chilled water at 10 ◦C.
• The electrical power produced by CHP, WT, and PV is primarily supplied to the user,

with excess power being sold to the grid.
• The grid is utilized to match the user’s power demand in case the system’s power

output is insufficient.
• The electrical power consumed by CHP and FER auxiliary components accounts for

20% of the power output of CHP.
• The anaerobic digestion process is based on the use of cattle slurry and corn silage as

substrates. The specific parameters considered for the substrates are as follows:

- For cattle slurry: dry matter ratio of 0.1025; ratio of organic dry matter in dry
matter of 0.8068; specific production of biogas per unit of substrate mass of
0.043 Nm3/kg;
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- For corn silage: dry matter ratio of 0.3267; ratio of organic dry matter in dry
matter of 0.9357; specific production of biogas per unit of substrate mass of
0.240 Nm3/kg.

The adopted values were sourced from technical data provided by a company produc-
ing biogas-powered cogeneration plants [18], and they align with literature data [19].

The summary of the operation assumption has been reported in Table 1.

Table 1. Operation assumptions for the proposed system.

Assumption Value Unit

ICE load factor range 0.53–1.00 -
TK1 temperature range for ICE 62–65 ◦C

TK1 temperature for AUX activation 59 ◦C
TK1 temperature for AUX deactivation 63 ◦C

TK1-TK2 temperature difference 0.5 ◦C
TK1 temperature range for ICE 39–41 ◦C

AHX activation temperature 70 ◦C
Set point temperature of ADS 10 ◦C

Auxiliary component power compared to CHP power 20 %
Cattle slurry dry matter ratio 0.1025 -

Cattle slurry ratio of organic dry matter to dry matter 0.8068 -
Cattle slurry-specific production of biogas per unit mass 0.043 Nm3/kg

Corn silage dry matter ratio 0.3267 -
Corn silage ratio of organic dry matter to dry matter 0.9357 -

Corn silage-specific production of biogas per unit mass 0.240 Nm3/kg

2.2. Model of the System

To simulate the hybrid system, it employed the widely used TRNSYS software [20],
which is well-known for simulating various conventional and innovative energy sys-
tems [21–23]. The adopted methodology is summarized in Figure 2.
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The starting point obviously was the developed concept of the system, for which input
data has been used, such as weather data, technical parameters, load profiles, and cost
parameters. After that, the model was developed using available resources in TRNSYS
software, including ready models of the components and the possibility to implement
own calculations/models. At the end, the results of the simulations were analyzed in the
form of dynamic trends of system variables and summary data achieved by means of the
integration of key variables (thermal and electrical powers).

In particular, the modeling of the system included the utilization of both pre-existing
library components (e.g., CHP, WT, PV, pumps, mixers, diverters, valves, controllers, tanks,
boilers, etc.) and the creation of user-defined components tailored to the system’s design
requirements. It is crucial to emphasize that the library components in the software have
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undergone experimental validation and are grounded in manufacturer data, ensuring the
reliability of simulation outcomes.

In this section, the energy and economic model employed to assess the overall system
performance is presented, omitting the details of other component models for brevity,
which can be found in the TRNSYS software reference. Notably, the wind turbine model
was developed based on manufacturer data [24], and the same applies to the adsorption
chiller [25] and the ICE unit [26].

The model of the fermenter relied on a variable-volume tank model available in
TRNSYS for the fluid part. The calculation of the cumulative biogas production for each
feeding supply of substrate over time employed a modified version of the Gompertz
function [19], while a simple model based on the balance of volumes was used to simulate
the biogas storage operation.

The overall model was based on the realistic energy demand of the user, based on
electrical, thermal (heating and cooling), and domestic hot water demand dynamic profiles
with a time step of 5 min. Moreover, the system operation was simulated with a time step
of 2.5 min in order to take into account the dynamic behavior of the system and achieve
convergency in the calculations. The economic model was based on simple but very reliable
assumptions, which were connected to the estimation of system investment costs and
operation expenditures. Please note that the cost of the system components as well as
the energy tariffs (biomass and electrical energy) were based on real market conditions,
reflecting real-world conditions.

The TRNSYS components (types) utilized in developing the system model are listed
in Table 2.

Table 2. TRNSYS built-in components used in the development of the system model.

Component TRNSYS Type Component TRNSYS Type

ICE 907 DC 511
WT 90 P 3d
PV 562 M 11

TK1 534 D 11
TK2 340 buildings 56

FER (fluid model) 39 on/off controller with
hysteresis 2

AHX 92 data plotters 65c
AUX 700 data integrator 24
ADS 909 data reader 9e

weather data processor 109, 15

2.2.1. Energy and Economic Model of the System

To assess the overall energy and economic performance of the proposed system (PS),
a comparison was made against two reference systems (RS), grounded on the premise
that both the PS and RS should deliver an equivalent amount of final energy to the user,
encompassing heating, domestic hot water, cooling, and electrical energy.

Specifically, two reference systems were outlined as follows:

• The NG system, relying on a natural gas boiler for heating, an electric chiller for
cooling, and the electric grid for supplying electrical energy;

• The BIO system, utilizing a wood chip boiler for heating and the same two components
as the NG system for cooling and electrical energy.

To compute the primary energy consumption/savings and economic performance
of PS versus RS systems, a boiler system efficiency of 0.90, an electric chiller coefficient of
performance (COP) of 3.0, and a national electric grid efficiency of 0.33 [27] were assumed.

The calculation of the generation of emissions was performed on the basis of equivalent
CO2 emissions for electrical energy supplied by the national electrical grid and natural gas
consumption. The emission factors for electrical energy and natural gas were 0.65556 and



Energies 2024, 17, 706 7 of 16

0.19973 kgCO2,eq/kWh, respectively [28,29]. The generation of net emissions concerning
the combustion of biogas in PS and wood chips in RS in the BIO scenario was neglected,
since it has been assumed that the combustion products of both fuels will be fixed again in
the organic matter.

The economic performance of the PS was evaluated by considering both the investment
costs of the PS and the operating costs of both the PS and RS. Specifically, capital cost data
from the market were employed to determine the PS component costs, following the
procedure detailed in Refs. [30,31]. The cost of the ICE system with biogas production
was estimated at 10.0 kEUR/kW on the basis of market data, while the photovoltaic field
was valued at 370 EUR/m2 [32]. Additionally, the cost of the adsorption chiller was set at
600 EUR/kW [33]. The wind turbine cost was determined based on a cost function available
in Reference [34]. The overall system cost encompassed expenses related to balance-of-plant
components, assumed to be 20% of the total cost of the main components of the system
(CHP-FER, WT, PV, and ADS).

Concerning operating costs, a natural gas price of 0.07347 EUR/kWh was considered
for the NG RS system [35]. For the biomass price in RS, two scenarios were considered:
(1) free wood chips sourced from local residual biomass, and (2) a market price for biomass
fuel at 0.06 EUR/kg, characterized by a lower heating value of 3.7 kWh/kg [34]. The
price of corn silage used in the PS was set at 50 EUR/t, while the cost of cattle slurry was
negligible, assuming its availability from the zootechnical farm.

Additionally, a constant tariff of 0.3080 EUR/kWh was applied for electrical consump-
tion from the grid [36], while a time-dependent tariff [37] was implemented for the sale of
excess electrical energy.

The economic parameters used in the simulation are summarized in Table 3.

Table 3. Environmental, energy, and cost parameters used in the model.

Parameter Value Unit

RS boiler efficiency 0.9 -
RS electric chiller COP 3.0 -

National electric grid efficiency 0.33 -
emission factor for electrical energy 0.65556 kgCO2,eq/kWh

emission factor for natural gas 0.19973 kgCO2,eq/kWh
ICE system cost with biogas production 10.0 kEUR/kW

PV field-specific cost 370 EUR/m2

ADS-specific cost 600 EUR/kW
Natural gas price 0.07347 EUR/kWh

Market price for wood chip biomass 0.06 EUR/kg
Wood chip lower heating value 3.7 kWh/kg

Corn silage price 50 EUR/t
Purchase electrical energy tariff 0.3080 EUR/kWh

Sell electrical energy tariff time variable EUR/kWh

Considering the two wood chip pricing scenarios and the two reference systems, the
economic viability of the proposed system was assessed in terms of savings and the simple
payback (SPB) index across three scenarios:

- NG: utilization of natural gas in RS;
- BIO1: utilization of free wood chips in RS;
- BIO2: utilization of market-priced wood chips in RS.

2.2.2. Case Study

To evaluate system performance, a representative zootechnical farm was chosen as
the case study, encompassing five households featuring a single-floor sloped roof structure
with an attic in addition to a farming hall. Each household covered a floor area of 100 m2,
while the farm hall spanned 500 m2. The house had a floor height of 2.7 m, while the halls
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ranged from 3.5 to 5.5 m in height. Climatic conditions were simulated using Meteonorm
weather data for Gdansk, located in northern Poland. The building orientation, structure,
and layout for this case study are depicted in Figure 3. Detailed thermal parameters for the
buildings are available in Ref. [34].
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The heating and cooling system maintained indoor air temperatures of 20 ◦C during
winter and 26 ◦C during summer within the households, operating on a 24/24-h schedule.
For the hall, the air temperature was set to 10 ◦C in winter and 28 ◦C in summer. The
building model was developed using the SketchUp tool, v17.2.2555 complemented by
the TRNSYS3d v1.0.7.1 plug-in [20]. Furthermore, the thermal behavior of the considered
buildings was simulated, taking into account thermal loads from equipment, lighting, fresh
air infiltration, and other factors. Specifically, the infiltration rate for fresh air was set at
3 Vol/h for the hall and 0.3 Vol/h for the households. The heating and cooling loads of
buildings have been presented in Figures 4 and 5.
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To simulate domestic hot water (DHW) usage, demand profiles from relevant literature
representing the user type examined in this paper were utilized [38]. Specifically, three
average user profiles, measured at a 5-min sampling time, formed the basis for developing
the user DHW demand. These profiles were normalized to establish the demand for each
building, accounting for water usage equivalent to that of four people with a specific
consumption of 60 kg/day/person at a temperature of 45 ◦C. The resulting DHW demand
is depicted in Figure 6.
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Figure 6. Domestic hot water demand of the user.

To model the electrical energy demand, standard profiles from the electricity company
for users analogous to the one under investigation [39] were adopted. These profiles are
based on typical hourly energy demands for various seasons and day types (workday,
Saturday, Sunday/holiday). The annual electrical energy consumption was set at 100 MWh
for the hall, aligning with common energy demand levels for this utility category [40]. For
the households, the electrical energy consumption was set at 3 MWh.
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Finally, Table 4 provides an overview of the essential system parameters, carefully
chosen to ensure both efficient system design and operation concerning energy flows and
thermodynamic characteristics.

Table 4. Main parameters of the main system components.

Parameter Value Unit Parameter Value Unit

CHP power 15 kW FER digestate volume 200 m3

WT power 5 kW FER biogas volume 600 m3

PV power 5 kW FER set point temperature range 39–41 ◦C
TK1 volume 20 m3 AUX thermal power 75 kW
TK1 set point

temperature range 62–65 ◦C ADS cooling power 60 kW

TK2 volume 5 m3 ADS chilled water set point 10 ◦C
TK2 threshold 0.5 ◦C

The proposed system is fully scalable since the size/capacity of the components, such
as the internal combustion engine, photovoltaic field, wind, adsorption chiller, thermal
storage, and peak boiler, can be adapted to the available devices on the market and to the
energy needs of the user. The adopted configuration of the system was assumed in order to
match the user energy demand and achieve robust operation of the system. In particular,
a simple iterative approach based on the energy levels produced by the components has
been adopted in order to match the demand of the user.

3. Results

The developed dynamic simulation model offers insights into varying trends, encom-
passing temperature and power, along with integrated variables. However, to maintain
brevity, this paper concentrates on crucial findings by highlighting the characteristics of
operation for a representative day, weekly energy flows, and presenting annual energy and
economic outcomes. All outcomes stem from simulations conducted with a time step of
5 min over the course of an entire year (0–8760 h).

In order to present a typical operation day for the proposed system, 16 February
(from 1104 to 1128 h) has been selected. From the point of view of thermal energy usage,
the behavior of the system in winter is essentially similar to the one achieved during the
summer period, since the thermally driven chiller requires heat instead of the heating
system of the user. The electrical power of PV and WT may achieve different trends in
summer compared to winter; nevertheless, the effect on the system’s operation is limited
to the power supplied to or by the grid. Thus, for reasons of brevity, the operation for a
representative winter day has been shown. In Figure 7, the main thermal power flows have
been presented during the selected period. The thermal power produced by ICE stays at its
nominal value during the first hours of the day due to the relatively high thermal demand
for heating and the almost constant heating requirement of FERM. Apart from some peaks,
DHW demand in such a period is significantly lower than the other ones; thus, its effect
on the operation regime of ICE is marginal. In fact, only when the heating demand of
buildings drops in the central hours of the selected day does the cogenerated ICE thermal
power decrease. This is due to a lower thermal output needed to keep TK at the required
temperature level (62–65 ◦C). It is interesting to note that the thermal power recovered
from ICE in the last hours of the selected day does not increase as a function of the rising
thermal demand for heating, since the thermal storage capacity of TK is adequate to face
small variations of the thermal demand. However, this is also due to the decrease in FERM
thermal demand during the same period. Due to the adoption of TK1 and TK2, it is also
possible to cushion the effect of the rapid increase in DHW thermal demand during peaks
on the operation of ICE. Indeed, the peaks of DHW demand determine only relatively
small variations of the ICE operation point.
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Figure 7. Thermal powers of the system—16 February.

In Figure 8, the main electrical powers have been presented. As expected, the ICE
electrical power output presents the same trend as the thermal one. Obviously, the electrical
power is hardly limited by the capacity of the device, as shown in the first hours of the
selected day, while the thermal power produced (see Figure 7) is slightly affected by the
variation of the returning temperature from TK1 to ICE. Peaks of DHW demand during the
operation of ICE at nominal conditions determine a small increase in the thermal output of
the device.

Energies 2024, 17, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 8. Electrical powers of the system—16 February. 

During the selected day, the electrical demand of the user and system is lower at the 
beginning of the day, which allows one to produce electrical energy in excess, which is 
sold to the grid. This is also favored by the operation at the nominal condition of WT due 
to the high availability of wind. On the other hand, the power produced by the PV system 
is relatively low, as the solar radiation is scarce during the selected day. The power 
production from ICE, WT, and PVF amounted to 72.7, 26.7, and 0.6% of the total electrical 
energy produced from renewables. 

The production of electrical power from renewables in the system allows the user to 
match the demand without the contribution of the grid for the first part of the day. As 
regards the excess energy, it accounted for 9.7% of the total energy produced, while the 
energy required from the grid accounted for 13.8% of the total demand during the 
considered day. 

Figure 9 illustrates the weekly thermal energy flows. In the presented case study, the 
heat generated by the ICE was lower during the mid-seasons compared to winter and 
summer due to reduced space conditioning demand in those periods. For instance, in the 
39th week, the thermal output was 52.7% lower than the peak achieved in the 33rd week. 
During winter, the CHP unit achieved approximately the same thermal energy output as 
in the summer. Despite the fact that there is significant demand for heating FERM and 
production of DHW in midseason, a part of the system’s thermal energy must be 
dissipated by AHX in order to keep the return temperature to the heat recovery from ICE 
below 70 °C. Analyzing the activation of auxiliary heating by TK through AUX, it is 
evident that this occurs when the CHP system fails to produce a sufficient amount of 
thermal energy compared to the demand for space conditioning. However, TK1 maintains 
a consistent temperature range with a relatively small reliance on AUX, which diminishes 
during the mid-season period. 

0

5

10

15

20

25

30

1104 1108 1112 1116 1120 1124 1128

El
ec

tr
ic

al
 p

ow
er

 [k
W

]

Time [hours]
ICE WT PV demand to grid from grid

Figure 8. Electrical powers of the system—16 February.

During the selected day, the electrical demand of the user and system is lower at the
beginning of the day, which allows one to produce electrical energy in excess, which is
sold to the grid. This is also favored by the operation at the nominal condition of WT
due to the high availability of wind. On the other hand, the power produced by the PV
system is relatively low, as the solar radiation is scarce during the selected day. The power
production from ICE, WT, and PVF amounted to 72.7, 26.7, and 0.6% of the total electrical
energy produced from renewables.

The production of electrical power from renewables in the system allows the user
to match the demand without the contribution of the grid for the first part of the day.
As regards the excess energy, it accounted for 9.7% of the total energy produced, while
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the energy required from the grid accounted for 13.8% of the total demand during the
considered day.

Figure 9 illustrates the weekly thermal energy flows. In the presented case study, the
heat generated by the ICE was lower during the mid-seasons compared to winter and
summer due to reduced space conditioning demand in those periods. For instance, in the
39th week, the thermal output was 52.7% lower than the peak achieved in the 33rd week.
During winter, the CHP unit achieved approximately the same thermal energy output as
in the summer. Despite the fact that there is significant demand for heating FERM and
production of DHW in midseason, a part of the system’s thermal energy must be dissipated
by AHX in order to keep the return temperature to the heat recovery from ICE below
70 ◦C. Analyzing the activation of auxiliary heating by TK through AUX, it is evident that
this occurs when the CHP system fails to produce a sufficient amount of thermal energy
compared to the demand for space conditioning. However, TK1 maintains a consistent
temperature range with a relatively small reliance on AUX, which diminishes during the
mid-season period.
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Figure 9. Weekly thermal energies.

TK1 provides more heat to FER during the winter weeks, as the lower air temperatures
in this period necessitate increased heating compared to the summer months. On an annual
basis, the heat supplied to FER varies by 35.1% relative to the maximum value observed in
the first week of the year.

Figure 10 illustrates the weekly electrical energies of the system. The trend in electrical
energy produced by ICE corresponds to the thermal energy generated by the same compo-
nent. This correlation is due to the direct impact of the heat demanded by the system on
ICE electrical power, following a thermal load strategy. Notably, the variation of energy
output on a mean basis between winter and summer weeks is not significant, with energy
production during the summer months differing by approximately −15.0% compared to
winter. Consequently, the ICE operates at a lower load only during the mid-seasons.

The wind turbine’s energy yield indicates that wind sources’ availability in the selected
locality is lower during summer compared to winter, conveniently aligning with reduced
excess electrical energy production. Indeed, during the same summer period, user electrical
demand also decreases. However, for PV, production levels increase in the summer weeks,
contributing in part to the supply of electrical energy to the grid. The highest weekly energy
production values are 4.35 MWh for ICE, 0.79 MWh for WT, and 0.25 MWh for PV. The
electrical energy taken from the grid significantly exceeds the excess energy supplied to
it. This is primarily due to the relatively high user electrical energy demand that limits
surplus energy production.
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Figure 10. Weekly electrical energies.

Table 5 provides details on the thermal and electrical energies generated by the main
components of the system. Particularly, ICE contributes significantly more to thermal
energy production compared to the auxiliary heating system AUX. In fact, only 1.6% of the
system’s thermal energy output is generated by AUX. This is attributed to the infrequent
activation of AUX for heating TK1, while ICE operates at almost full load throughout
the space conditioning period. The heat produced by the system is used at 27.8% for
space heating, 11.5% for DHW production, 20.6% for cooling production, and 40.2% for
FER heating.

Table 5. Yearly thermal and electrical energies of the main system components.

Thermal Energy Electrical Energy

Component Value [MWh] Component Value [MWh]

ICE 161.86 ICE 78.68
AUX 2.66 WT 17.30

user, heating 44.84 PV 5.49
user, cooling 20.66 user 114.41
user, DHW 18.57 auxiliaries 28.13

ADS, generator 33.20 demand 142.54
ADS, evaporator 20.66 to grid 1.82

FER 64.83 from grid 42.88
AHX 15.80

In terms of electrical energy production, ICE, WT, and PVF contribute to 77.5%, 17.1%,
and 5.4% of the total annual yield, respectively. Notably, ICE plays the most significant
role in energy production, followed by the other components. Furthermore, the produced
electrical energy meets 69.9% of the user demand, while the excess electrical energy accounts
for only 1.8% of the total produced.

Table 6 contains the energy, environmental, and economic indicators obtained in the
analysis. ICE performance is restricted by its relatively small size, resulting in a total
efficiency of just over 80%. This result is characteristic of internal combustion engines
with relatively small power, and it is consistent with the manufacturer’s data. The energy
production levels of the wind turbine and the equivalent number of operation hours, which
are more than 3000 h, indicate that the chosen location is suitable for the installation of
micro-scale wind turbines, especially in terms of energy yield. Concerning the photovoltaic
system, the modules exhibited an efficiency below the reference value of 21% due to their
operation beyond the reference temperature.
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Table 6. Energy, environmental, and economic parameters of the system.

Result Value Unit Result Value Unit

electrical efficiency, ICE 0.267 - primary energy
consumption, NG, RS 442.0 MWh

thermal efficiency, ICE 0.550 primary energy
consumption, BIO, RS 367.6 MWh

electrical efficiency, PV 0.192 - primary energy saving
ratio, NG, PS 0.718 -

equivalent number of operation hours, WT 3460.6 h primary energy saving
ratio, BIO, PS 0.661 -

Coefficient of performance, ADS 0.622 - savings, NG 12.14 kEUR/year
CO2 equivalent emission, NG, RS 94.38 tCO2,eq savings, BIO1 6.67 kEUR/year
CO2 equivalent emission, BIO, RS 79.52 tCO2,eq savings, BIO2 7.88 kEUR/year

CO2 equivalent emission reduction, NG, PS 67.46 tCO2,eq system cost 235.13 kEUR
CO2 equivalent emission reduction, BIO, PS 52.60 tCO2,eq SPB, NG 19.37 years

CO2 equivalent emission reduction ratio, NG, PS 0.715 - SPB, BIO1 29.84 years
CO2 equivalent emission reduction ratio, BIO, PS 0.661 - SPB, BIO2 35.24 years

The annual operation of the adsorption chiller achieves a COP of 0.661, considered
satisfactory when taking into account the performance of the adsorption-based thermally
driven chiller and the adopted control strategy regarding temperature levels inside TK1.
The achieved value is below the maximum value of about 0.7 due to a different temperature
regime of operation compared to the nominal conditions (lower chilled water temperature
and variable cooling temperature).

The proposed system is able to achieve a relatively high reduction in CO2 equivalent
emissions compared to both scenarios for the reference system. For both cases, the reduction
is above 65%. Is it interesting to note that, despite a higher demand for heat with respect to
the one for electricity, the adoption of natural gas instead of biomass in the reference system
does not produce a significant variation in the savings in emissions. In fact, as shown in
Table 6, the difference in CO2 equivalent emissions for NG and BIO is relatively small. This
occurs because the major source of emission of CO2 equivalent is due to the electrical load
of the user. Similar results are achieved for the primary energy saving ratio, due to the
previously mentioned latter reason. Indeed, the primary energy consumptions of RS in NG
scenario compared to BIO one is only 16.8% higher.

The economic analysis revealed some differences in potential savings with the pro-
posed system compared to the considered reference cases, primarily due to the lower cost of
biomass per unit of energy compared to natural gas. Considering the economic parameters
that have been chosen, SPB ranges from about 19 to 35 years for the scenarios examined.
This highlights that beyond the relatively high system-specific costs, the economic viability
of the hybrid setup is affected by the choice of fuel in the reference system. However,
the proposed system achieves an unsatisfactory economic performance for the considered
case study even under the NG scenario. One possible way to improve economic perfor-
mance could be through the adoption of capital and energy production-based incentive
policies. Under the actual cost of the system components, it is hardly advisable to adopt
the proposed system without incentive policies.

4. Conclusions

The analysis undertaken demonstrates the technical and energy feasibility of the pro-
posed system, which is capable of satisfying a significant portion of the user’s energy needs
while reducing dependence on the auxiliary boiler and electrical grid. Under the considered
case study scenario, the performance of the system is also satisfactory from the primary
energy and emissions-saving point of view. In fact, the proposed system allows one to
reduce more than 65% of both primary energy consumption and CO2 equivalent emissions.

Despite the relatively high initial investment cost associated with the proposed system,
its economic performance is primarily influenced by the fuel used in the reference system,
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whether natural gas or biomass. In the case of the NG scenario, the proposed system
achieves a simple payback (SPB) of approximately 19 years, the most favorable among
the scenarios considered. However, this might not be economically viable in real-world
applications unless supported by incentive policies like capital investment incentives or
feed-in tariffs linked to renewable energy production and utilization.

Future developments in this study will encompass exploring system performance
across diverse user profiles and locations, varying energy pricing structures, and incentive
policies to identify general conditions for system application. Additionally, a comprehen-
sive sensitivity analysis and rigorous optimization will be conducted to understand how
design and economic parameters impact performance. Novel approaches to economic
analysis and control strategy will be considered as well.
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