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Abstract: Renewable energy sources, such as solar, wind, biomass, and geothermal energy, are being
more and more adopted in small and micro-scale distributed generation systems. In this context,
different hybrid configurations and layouts that may adopt, lead to different energy and economic
performance of energy generation systems. In micro-scale applications, biomass and solar energy
sources are more frequently investigated in literature compared to other combinations as biomass and
wind energy. The analysis of the performance of a novel small-scale trigeneration system is presented
in this paper. The system includes biomass boiler, water steam turbine, absorption chiller, and wind
turbine, and it is linked to the electric grid by means of a bidirectional connection, allowing to the
store virtually the electrical energy produced in excess, and use when needed. For the proposed
system, a zootechnical farm and a residential building are considered as case study, including different
scenarios for the reference energy system. The Transient System Simulation (TRNSYS software is
used to model, simulate, and investigate the system performance under realistic operation conditions.
Energy and economic performance of the system is assessed by means of a daily, weekly, and yearly
analysis. The effect of the main design parameters, as steam and wind turbine power on the system
performance, is investigated by means of a sensitivity analysis. The investigations show that the
Simple Pay Back time of the proposed system is below 6 years, when the biomass is free, capacities
of steam and wind turbines lower than 4 kW are selected, and a reference system with a natural
gas boiler and electrical grid is considered. The system allows one to achieve satisfactory energy
and economic performance under the considered conditions, when a proper design of the system
component capacities is adopted.

Keywords: trigeneration; biomass; steam turbine; absorption chiller; wind turbine; hybrid energy
system; TRNSYS; dynamic simulation; renewable energy

1. Introduction

Nowadays, the energy sector scenario is dynamically characterized by increasing energy demands,
measures to reduce the environmental impact of energy use, and the penetration of renewable energy
sources. These are only some of the driving forces ruling the new concepts and paradigms of the energy
sector, since, besides them, sustainable development is also present [1], as well as new technological
challenges [2]. All of these factors are affecting significantly the energy sector, adapting it to the
requirements concerning energy efficiency, renewable energy utilization, and emission reduction.
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The indiscriminate use of conventional fossil fuels started to be reduced or even abandoned in
different energy generation applications in favor of renewable energy sources, which are more and
more frequently adopted, since they are reliable alternatives [3]. However, this trend is producing
new challenges in the proper design of energy systems due to the intrinsic properties of renewables,
such as variability and intermittency [4], which determine that they are more difficult to adopt from
the technical point of view, with respect to more programmable and manageable conventional energy
sources. Moreover, another aspect that must to be taken into account is a relatively low energy
density [5], characterizing especially solar and wind energy applications.

Hybrid systems can be adopted in order to reduce the problems related to each renewable energy
source by means of the combination of two or more energy sources [6]. Hybrid installations are more
frequently used for medium- and large-scale energy applications compared to small- and micro-scale
ones. However, small-scale hybrid renewable energy systems are interesting from the point of view of
distributed generation applications [7]. In the field of possible choices, energy systems based on biomass
are very interesting, since their advantages are a high potential of heat generation, the possibility of
electrical energy production, and a relatively high energy source availability [8]. Technologies adopting
biomass as fuel are implementable in cogeneration and trigeneration systems because, in most of cases,
they are technologically similar from the basic operation point of view to conventional systems based
on fossil fuels. Moreover, systems integrating biomass with other renewable energy sources in hybrid
configuration allows one to attain advantages, in terms of operation, environmental impact, and energy
and economic performance [9].

The topic concerning hybrid biomass-based energy systems in small and micro scale applications
is not exhaustively stressed out in scientific literature, especially considering the hybridization with
wind energy. An organic Rankine cycle (ORC) fueled with biomass and coupled with a wind turbine in
an integrated system is investigated in Reference [10]. The plant is divided in sub-systems producing
electrical and thermal energy for a low energy consuming residential building with 40 apartments. The
study is performed to determine the size of the components and to assess the capability of matching
the user demand as a function of different operation modes: full biomass, full wind, and two hybrids
with different wind turbines and ORC units. The results show that the ORC unit can be deactivated or
can operate at partial load when the wind turbines output is significant. Moreover, the adoption of the
hybrid systems determine a biomass saving, up to 50%, and a significant reduction between 40% and
70% of the electric energy surplus compared to a fully biomass system.

The integration of hybrid biomass-wind systems is also investigated for microgrids under
stand-alone operation mode. A 100 kW wind turbine and a 150 kW biomass gasifier coupled with an
electrical energy storage are considered in Reference [11] for a case study of a village in India. The
system energy-economic analysis and optimization are performed with HOMER software from the
point of view of system sizing and operation on the basis of real-time load demand data. The authors
show that the wind-biomass gasifier system achieves a lower cost of energy ($0.078) compared to the
one obtainable with a more conventional wind-diesel engine system ($0.165).

A hybrid system including wind turbine, a biogas electrical energy generator, and photovoltaic
panels is investigated in Reference [12] with the aim to determine its capability to supply thermal
and electrical energy for a typical household in the United Kingdom. The study is based on energy
consumption data, while HOMER tool is used to find the optimal configuration of the system on the
basis of a thermoeconomic analysis. According to the study, the most feasible system allowing one to
match the user demands is a configuration of a 1 kW wind turbine, one 1 kW biogas generator set and
four 2.52 kWh battery units. With this configuration, the lowest value of levelized cost of energy is
achieved (0.588 $/kWh).

Further hybridization of biomass-wind systems is investigated in Reference [13], where the
production of additional electrical energy is achieved by means of photovoltaic panels. In the study, a
multi-objective optimization is carried out from the economic and environmental point of view using
life cycle criteria and a genetic algorithm. The performed analysis points out that the environmental
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and economic optimization criteria are not convergent, because the lower is the environmental impact
of systems running on renewables, the higher is the cost of the system. An interesting result is that
wind power source has a higher impact on the system performance due to a lower cost and lower
environmental impact compared to biomass and solar energy. Moreover, a 50% emission reduction
may be achieved compared to the reference solution characterized by a higher environmental impact
and minimum cost when an increase of 5% in investment cost is considered. A microgrid biomass
combined heat and power (CHP) system is investigated in Reference [14]. Here, the investigated
system includes small-scale wind turbines, biomass gasifier, gas storage, photovoltaic modules, battery
storage, thermal energy storage, and auxiliary boilers. In the study, the design and scheduling of the
CHP system is performed by means of an economic linear programming model with a sliding time
window for a case study consisting of a grid-connected microgrid user in Davis, California. The results
show that for the assumptions used, a biomass CHP system coupled with photovoltaic panels with
battery is the most cost-effective design solution. Furthermore, a grid connected hybrid microgrid
system based on wind, photovoltaics and biomass under Pakistan conditions is assessed in terms of
techno-economic feasibility and potential for electricity generation in Reference [15]. HOMER Pro
software is used to model and optimize the system from the point of view of system robustness and
cost-effectiveness of the proposed hybrid microgrid system. The results are carried out taking into
account the cost of energy based on peak load of residential and commercial demand profiles. In the
paper, the cost of the 73.6 MW hybrid system is estimated in 180.2 M$ and the levelized cost of energy
in 0.05744 $/kWh.

As shown by the literature review, the research topic concerning small and micro-scale hybrid
biomass-wind systems in scarcely explored, especially in the field of complex energy-economic
assessment of such systems by means comprehensive dynamic simulations. Therefore, in the paper
the analysis and sensitivity analysis of a novel micro-scale trigeneration system based on biomass
combustion, water steam cycle, absorption chiller, and wind turbine are performed. The results
presented in this paper are the continuation of the work carry out by the author in a previous work [16].
This is the first time in literature when the proposed system is investigated, since there are no paper is
literature concerning such topic.

The study is carried out using Transient System Simulation (TRNSYS) software allowing one to
analyze the system performance and to perform optimizations on the basis of transient simulation. In
the paper, the system layout and operation are presented along with the description of the main model.
The considered case study consists of farm with household under Polish weather condition. Daily,
weekly, and yearly results and a sensitivity analysis as a function of the steam and wind turbine power
are presented and discussed. Finally, a summary of the results and the conclusion are provided.

2. System Layout and Operation Principle

In the proposed hybrid system (Figure 1), the electrical energy is produced by a steam turbine
running in a conventional Rankine cycle and a wind turbine. Concerning thermal energy, during the
winter period, the thermal energy rejected by the condenser is supplied to the heating system of the
user by means of a storage tank, whereas, during the cooling period, heat is supplied to a LiBr-H2O
single stage absorption chiller for space cooling
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Figure 1. Schematics of the biomass-wind hybrid trigeneration system.

The proposed system consists of several loops and components as described in Table 1.

Table 1. Description of the main components and loops of the system.

Loop Description

BF, Boiler Fluid consisting of thermal oil flowing from the biomass boiler to the steam
generator heat exchanger

WS, Water Stream consisting of pure water flowing within the Rankine cycle
HW, Hot Water used as cooling water for the condensation of the water stream

CHW, Chilled Water consisting of water supplied by the chiller unit to the user for space cooling

CW, Cooling Water water used to dissipate the heat rejected by the chiller and/or produced in
excess by the condenser

EP, Electrical Power electrical output of the turbines and the power supplied from and/or to the
grid

Component Description

BOIL wood chip biomass boiler with thermal oil unit as working fluid

SGHX steam generator heat exchanger with counterflow configuration used to
produce steam by means of hot thermal oil

ST low-pressure steam turbine producing electrical power;
COND condenser used to transfer the waste heat to the storage tank

TK stratified thermal storage tank buffering the produced heat from the
Rankine cycle

AHX auxiliary counter flow heat exchanger cooling the HW supplied to the
condenser when TK temperature increases

AUX auxiliary biomass boiler used to heat TK when needed
ACH LiBr-H2O single stage absorption chiller producing chilled water

DC dry cooler used to dissipate the excess heat form AHX and to the heat
rejected by the absorber and condenser of ACH

Apart from the components listed in the table, the layout also includes components used to
manage the flows in the system, as condensate (P2) and circulation pumps (P1, P3–P9), flow diverters
(D), and mixers (M).

The operation strategy of the system is the following. The thermal oil (Boiler Fluid, BF) is heated
up to 230 ◦C and produces steam through a steam generator heat exchanger (SGHX) at a pressure and
a temperature of 8.0 bar and 200 ◦C, respectively. Steam is condensed by a condenser (COND), which
rejects heat to the stratified thermal storage tank (TK). Once the returning temperature of Hot Water
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(HW) from TK rises above 85 ◦C, auxiliary counter flow heat exchanger (AHX) is activated in order to
control the operation of COND. In this way, the heat produced in excess is dissipated through the dry
cooler (DC) in case of a thermally loaded TK. The amount of steam produced, and thus the electrical
and thermal energy output of the cycle, is managed by the variable speed pump P1 used to set the flow
rate of the thermal oil. A proportional control strategy is implemented as a function of the tank top
temperature: the thermal oil flowrate is set to 30% of the nominal one when the temperature increase
to 90 ◦C, while the pump runs at nominal flow (100%) when the temperature drops to 85 ◦C. In such
a way, a thermally load following strategy of the trigeneration system is implemented. Moreover,
auxiliary (AUX) is activated in order to match the user thermal demand when the tank temperature
drops to 80 ◦C, increasing it to 90 ◦C. The LiBr-H2O single stage absorption chiller producing chilled
water (ACH) is supplied by TK in order to produce chilled water at 7 ◦C, while DC is connected to
ACH in order to dissipate the rejected heat. Concerning the electrical power, both steam turbine (ST)
and wind turbine (WT) output is supplied to the user or to the grid depending on the demand of the
user. The electrical energy produced in excess is virtually stored in the grid and it can be used when
power is required from the grid as a function of on the user demand.

3. Methodology

The Transient System Simulation (TRNSYS) tool is used to model and simulate the system
operation [17]. The model of the system is based on built-in library components, as pumps, mixers,
diverters, valves, controllers, tanks, boilers, etc., and components implemented by the user, as control
system, absorption chiller, energy and economic model, linked to each other in order to develop the
whole layout of the system. The software library components are experimentally validated and/or
are based on real operation/manufacturer data, which is a condition that allows one to carry out
reliable simulation results. In the following, only the description of the energy and economic model
the proposed system is provided for reasons of brevity, since all the build-in component models
are presented in the software reference. Concerning the absorption chiller, the model presented in
Reference [18,19] is used, while for the wind turbine model, manufacturer power curve of commercially
available unit is used (ENAIR 70PRO) [20]. The height of the wind turbine hub is assumed to be equal
to the sum of the length of half diameter and 15 m, thus, the height of the wind turbine is affected by
its dimension (nominal power). The detailed selection of the TRNSYS build-in components used in the
model is reported in Table 2.

Table 2. List of Transient System Simulation (TRNSYS) software build-in types used to model the
hybrid system.

Model (Type) Component Model (Type) Component

751 BOIL 90 Wind turbine
637 SGHX 1669 Proportional controller

592a ST 2d On-off controller with hysteresis
598 COND 515 Winter and summer scheduler
92 AHX 58 Thermodynamic properties

534 TK 519 Weekday, Saturday and
Sunday-holiday scheduler

647 Diverter 48b Electrical flow manager
649 Mixer 47a Virtual battery storage
511 DC 9e Data reader
619 P2 24 Variable integrators
3b P1 65d, 65c Plotters
3d P3-P9 25c Printers
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Model for the Energy and Economic Assessment of the System

The proposed system (PS) global energy and economic performance is investigated with respect
to two reference systems (RS), namely NG (Natural Gas), consisting of a natural gas boiler, electrical
chiller and the electric grid, and BIO (Biomass), in which the natural gas boiler is substituted by a wood
chip unit. In the model, it is assumed that both RS and PS provide the same final energy to the user in
terms of thermal and electrical energy. The reference primary energy (PE) consumption is calculated
assuming a natural gas boiler system efficiency of 0.90, a Coefficient of Performance (COP) of the
electrical chiller of 3.0 and an electric grid efficiency of 0.33 [21]. PE consumption of biomass boiler
is set to zero. It is worth noting that the proposed assumptions are sufficient to perform the energy
analysis proposed in this paper, nevertheless it must to be taken into account that the primary energy
saving in real word applications is affected by several factors, such as the measurement of fuel energy
content, the gross electrical energy produced, auxiliary energy consumed, and heat recovered [22,23].

PE consumption of RS (PERS) and PS (PEPS) and the primary energy saving ratio (PESr) are
calculated taking into account the heating, cooling, and electrical energy demand of the user and the
electrical energy provided by the grid for PS, as follows:

PERS =


Eth,heating

0.9 +
Eth,cooling
3.0·0.33 +

Eel,user
0.33 f or NG

Eth,cooling
3.0·0.33 +

Eel,user
0.33 f or BIO

(1)

PEPS =
Eel,grid

0.33
(2)

PESr =
PERS − PEPS

PERS
(3)

The economic model is based on investment costs of PS and operating costs of both PS and RS.
The cost of PS components is estimated using market data, adopting a methodology used in other
studies [24,25]. The unit cost of the steam turbine trigeneration system is estimated in 5.0 k€/kW, while
the specific cost of the absorption chiller is assumed to 300 €/kW [26]. The specific cost of the wind
turbine (cWT) and the cost of the tank (CTK) are calculated on the basis of the nominal power (PWT) and
volume (VTK), respectively, using a cost functions developed using manufacturer cost data and a cost
function available in literature [27]:

CWT = 3439P−0.141
WT (4)

CWT = 494.9 + 808VTK (5)

In order to take into account the auxiliary equipment of the wind turbine and the trigeneration
plant, the total cost of the system is increased of 20%, thus, the cost of the other components of the
system is included in the total cost. Concerning the operating costs, they are assumed to be constant for
the whole lifetime of the system, and differences of maintenance cost between PS and RS are assumed
negligible. The natural gas price is set to 0.0339 €/kWh for NG system [28], and a time-dependent
tariff for the electrical energy is implemented to perform the simulations [29]. For PS, the possibility
to store and utilize on demand the electrical energy produced in excess is adopted by means of the
bidirectional connection with the grid. In particular, it is assumed that in case of a system nominal
power up to 10 kW it is possible to recover freely up to 80% of the energy supplied to the grid, while
the eventual quote exceeding 80 % is paid with a mean price for electrical energy. In case of a nominal
power between 10 and 40 kW, the limit is lowered to 70%. The described type of energy management
from the point of view of the grid is now available in Poland for installations generating electrical
energy based on renewable energy sources [30].

Two cases for the biomass price are assumed: (1) free availability of wood chips (as local residual
biomass), and (2) fuel cost of 0.06 €/kg with a lower heating value of 3.7 kWh/kg [31]. Considering the



Energies 2020, 13, 5697 7 of 23

adopted reference systems, the economic savings and the Simple Pay Back (SPB) of PS are calculated
under the following four scenarios:

• NG1, natural gas use in RS and freely available biomass;
• NG2, natural gas use in RS and biomass bought on the market;
• BIO1, use of freely available biomass in both RS and PS
• BIO2, use of biomass bought on the market in both RS and PS.

4. Case Study

The case study consists of a farm with two halls and a household, which structure is shown in
Figure 2. Each hall has an area of 500 m2 and height between 3.5 to 5.5 m, while the household ground
floor area and height are 100 m2 and 2.7 m, respectively. The SketchUP tool and TRNSYS3d plug-in [17]
are used to develop the model of the building. The components of the building, as walls, roofs and
floors, are modelled using several series of layers (omitted for brevity), with thermal transmittances
reported in Table 3.

Figure 2. Structures of the case study buildings.

Table 3. Thermal transmittances of the building envelope components in W/m2/◦C).

Component Value Component Value

House, external wall 0.400 Window 2.80
House, adjacent wall 2.20 Hall, external wall 0.540

House, ceiling 1.78 Hall, roof 0.460
House, roof 0.320 Hall, ground floor 1.44

House, ground floor 0.367 - -

The periods from October 15 to March 31 and from May 1 to September 15 are assumed for
the operation of the space heating and cooling, respectively, with a 24/24 h daily schedule. The air
temperature is set to 20 ◦C during winter and to 26 ◦C during summer. In order to model the building
thermal behavior, typical thermal loads regarding equipment, lights, fresh air infiltration, etc., are
considered. In particular, the supply of fresh air in the buildings is set in 3 Vol/h for the hall while for
the household is 0.3 Vol/h. The Meteonorm weather data [32] for Gdansk, located in Northern Poland,
are selected from the TRNSYS 17 software database in order to simulate the climatic conditions [17].
Such data take into account for the mean weather conditions of the selected locality (temperature,
humidity, wind speed, solar radiation, etc.) and are determined on the basis of at least 10 years of
observations. The heating and cooling demand of the user are reported in Figure 3.
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Figure 3. Heat loads of the user.

For the electrical energy demand, standard profiles available for users similar to the one here
investigated are adopted [33]. The profiles are developed on the basis of standard daily electrical
energy demands for two yearly periods, namely period 1 and 2, occurring from October to March
and from April to September, respectively, and for workdays, Saturdays and Sundays/holidays. Such
profiles are shown in Figure 4. In particular, the profiles are implemented performing a normalization
of the data; thus, the integral over the entire year of the dynamic profile is equal to 1.0 MWh. On the
basis of the described profiles, the yearly consumption is set to 50 MWh [34].

Figure 4. Normalized user daily load for different days and periods of year.

The main parameters adopted to simulate the system are reported in Table 4. It is crucial to note
that the adopted parameters are selected on the basis of simple design criteria taking into account the
thermodynamic properties of the cycle, manufacturer data and the necessity of meeting the user energy
demand by the proposed system. Along with this approach, the design of the system is performed
relating some of the parameters to each other in order to achieve a proper sizing of the system and to
ensure the desired cycle thermodynamic parameters. In particular, the boiler capacity and the thermal
oil mass flow rate are selected taking into account the maximum cycle temperature and pressure and
the steam turbine nominal power that must to be achieved.
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Table 4. Main parameters of the system.

Parameter Value Unit Parameter Value Unit

BOIL capacity 52 kW COND, pressure 0.9 bar

BOIL, outlet temp. 230 ◦C COND, pinch point temp.
diff. 10 ◦C

P1, mass flow rate 2893 kg/h TK, volume 5 m3

Thermal oil specific heat 2.15 kJ/kg/◦C AUX, capacity 90 kW
Thermal oil density 867 kg/m3 ACH, capacity 70 kW
P2, outlet pressure 8.0 bar ACH, set-point temp. 7.0 ◦C

SGHX, pinch point temp. diff. 10 ◦C DC, air mass flow rate 64,400 kg/h
ST, power 4 kW WT, power 4.5 kW

ST, outlet pressure 0.9 bar WT, hub height 15 m
ST, isentropic efficiency 0.50 - WT, shear coefficient 0.14 -

5. Results and Discussion

The developed dynamic simulation model allows one to generate results in terms of variables
trends (temperature, powers, etc.) and integrated variables. However, for reasons of brevity, in
the context of this paper only some of the main results are presented, as daily results in terms of
temperature and powers, weekly energy flows and yearly energy and economic results. Moreover, a
sensitivity analysis is carried out as a function of different capacities of both steam turbine and wind
turbine units. All the results presented in this paper are based on simulations performed with a 0.05 h
time step for an entire year period (0–8760 h).

5.1. Daily Temperature and Power Trends for a Representative Summer Day

The trends of the outlet temperatures of the main system components for the selected representative
day of 25th July, occurring from 4920 to 4944 h of the year, are shown in Figure 5. Here, it is clearly
shown that the steam system allows one to ensure a stable temperature of the water stream at the
outlet of ST (96.7 ◦C), due to the constant temperature generated by the boiler (230 ◦C—not reported
for sake of clarity of the figure). This is achieved because the control strategy of the boiler operates
in order to fix the outlet temperature of the working fluid to the desired set point. After the passage
through COND, the condensate temperature decreases to 95.0 ◦C during the night hours and to 91.7 ◦C
in the central and second part of the day, due to the variability of the thermal demand of the user
(TK temperature).

Figure 5. Temperatures of the main components of the system, summer day operation.
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During the first day hours, the temperature in the top part of TK remains stable due to relatively
low thermal demand of the user, as well as the outlet temperature of AHX operating in order to
dissipate the heat in excess. During the day the tank temperature decreases from about 89.7 to 81.0 ◦C
as a function of the user thermal demand for space cooling, and when the tank temperature approaches
to 85.0 ◦C at about 12:00 am, AUX is activated in order to avoid an excessive temperature decrease
for the operation of ACH. During the day, the chiller operates on order to maintain the set point
temperature of the chilled water supplied to the user at 8 ◦C. This condition is achieved because an
adequate thermal input to ACH is provided by TK and AUX and the temperature at the inlet of ACH
generator is within the nominal range. On the other side, the returning temperature from the user
cooling system varies up to 16.8 ◦C.

The thermal power trends reported in Figure 6 clearly show the above-presented operation of the
system. The operation of the boiler is characterized by a reduction of the heat supplied in the night
hours, when the stem cycle system operates mainly for the production of electrical energy, since the
main part of the thermal power rejected by COND is dissipated by the auxiliary heat exchanger AHX.
As expected, when the user cooling demand decreases to zero, the thermal power dissipated by AHX
(and DC) reaches the maximum value. This occurs also because in this period the storage tank TK is
thermally loaded and no additional heat can be stored within it.

Figure 6. Thermal powers of the main components of the system, summer day operation.

The variability of the thermal powers in the system depends on the thermal demand of the
absorption chiller generator, indeed the thermal load following strategy of the system adjusts the load
of steam cycle depending on heat required by the absorption chiller. In the second part of the day,
the activation of the auxiliary heating of TK by AUX is performed providing up to 34 kW in order to
increase temperature at the outlet of TK to 85.0 ◦C.

The dynamic operation of the system from the electrical point of view is reported in Figure 7.
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Figure 7. Main electrical powers of the system, summer day operation.

The steam turbine starts to operate at partial load during the night hours, with a reduction of
the power output to 1.5 kW due to the reduced steam flow and biomass boiler operation at reduced
capacity. However, in the morning the cooling demand starts to increase determining an increase of
ST output up to the nominal value of 4.0 kW. It is worth noting that the full load operation of ST is
achieved before the cooling demand reaches the maximum value in the first evening hours. This is due
to the choice of undersize the ST system capacity with respect to the user thermal demand, which is
performed in order to limit the thermal energy dissipated. For the selected day, the electrical power
produced by the system matches the user electrical demand in the first part of the day, where also some
electrical power is supplied to the grid. This is achieved despite the partial load operation of the steam
cycle since the wind turbine power output is relatively high. In fact, the circumstance of favorable
wind conditions determines an increase of the energy yield from the wind exactly when ST operates at
reduced load. Furthermore, once the user electrical demand increases above the power produced by
the system at 11:00 am, the electrical energy stored virtually in the grid during the night hours starts to
be used to match the demand. Under this operation condition, the system works without using net
grid energy for several hours (about 7.5 h in the selected day), until the consumption of the virtually
stored energy stops just before 7:00 pm.

5.2. Weekly Energy Flows

The weekly thermal energy flows of the system are presented in Figure 8, while the electrical
ones in Figures 9 and 10. During winter the thermal energy rejected by COND is higher compared
to the one occurring in the cooling season since the heat demand of TK to match the user heating
load is higher in winter. In particular, the thermal energy provided to the steam cycle decreases when
approaching to the mid-seasons, during which the user thermal demand drops to zero (deactivated
space conditioning). In the mid-season, the weekly thermal energy rejected by COND decreases of
61.2% with respect to the maximum value of 8.62 MWh achieved in the second week of the year.
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Figure 8. Thermal energy flows of the system, weekly analysis.

Figure 9. Electrical energy flows of the system, weekly analysis.
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Figure 10. Electrical energy flows of the system, weekly analysis.

During the year, the activation of AUX for the auxiliary heating of water exiting TK is mandatory
during almost all the weeks of space conditioning operation, since the thermal power supplied by
COND is not adequate to maintain TK within the fixed temperature range. In particular, AUX operation
is required more frequently in the winter season comparted to the summer one, according to the
different magnitude of the heating and cooling demand. Looking at the results it can be found that the
auxiliary thermal energy dissipated in winter is 48.2% higher compared to the one during summer
(25.1 MWh).

It is worth noting that the thermal energy dissipated by AHX during the winter is relatively lower
compared to the one dissipated during summer. This occurs because the heating demand of the user
is present during almost all the time in winter days, while in the cooling period the space cooling
demand is present during sunlight hours. Therefore, the use of the rejected thermal energy by COND
is more limited by the space cooling demand compared to the heating one.

The same trend of the thermal energy rejected by COND is achieved for the electrical energy
produced by ST. Indeed, the higher is the required thermal output of the steam cycle, the higher is the
mass flowrate of steam as well as the work produced. The electrical energy produced weekly by ST
varies significantly over the year, from 2.62 MWh during the mid-seasons to 6.72 MWh during winter,
outlining that it operated often at reduced load. The wind turbine energy output is higher during the
winter due to the more abundant availably of wind energy in such period. In fact, its mean energy
yield is 0.37 and 0.21 MWh/week in winter and summer, respectively. Moreover, it is interesting to note
that during some summer weeks, WT energy yield decreases almost to zero, due to limited availability
of wind energy.

The electrical energy supplied by the system to the grid as virtual storage is relatively higher in
the winter weeks compared to the summer ones, and this trend is justified by the operation of ST at
a higher load and by a higher wind availability. The amount of excess energy in winter is meanly
1.6 times higher than the summer one. Furthermore, analyzing the trend of the energy recovered in the
frame of grid virtual storage operation it can be observed that the energy is almost entirely recovered
just after each period of time in which is produced by the system. This is observable, for example,
between the second and fifth week of the year. The electrical energy supplied by the grid, apart from
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the virtual storage operation, is significant for almost all the weeks of year, whereas it drops to zero in
some winter weeks, where both ST and WT operate at high load. During the year, the grid, taking
into account the possibility of energy recovery, matches between 17.1 and 71.8% of the total weekly
electrical energy demand.

The weekly trends of the system energy performance parameters are shown in Figure 11. Both
steam turbine system efficiency and power to heat ratio (PHR) remain stable during the yearly
operation, indeed the variations are less than 0.7% between the maximum and minimum values. The
scarce variation of PHR parameter is achieved because the adopted steam cycle degree of freedom in
the generation of thermal and electrical energy consists only in the variation of the load, while the
possibility to spill steam from the turbine is not taken into account. Moreover, the fairly constant ST
efficiency is due to the constant operation parameters of the cycle in terms of temperature and pressure.
A limited oscillation is also found for the coefficient of performance (COP) of ACH, which varies from
0.719 to 0.744. This condition is achieved because the temperature level of the thermal input of the
generator of AGH is maintained between a fixed range (85–90 ◦C), due to the operation of both TK
and AUX.

Figure 11. Normalized number of equivalent operation hour of WT, Coefficient of Performance (COP)
of ACH, and the efficiency and power to heat ratio of the ST system.

Regarding the wind turbine, the normalized equivalent number of operation hours, defined as
the ratio between the energy produced and the maximum one under nominal conditions, is extremely
variable along the year, ranging from 0.046 up to 0.937. Thus, there are weeks characterized by a
relatively high wind energy availability during winter alternated with weeks with low wind conditions.

5.3. Yearly Energy and Economic Results

The thermal and electrical energies of the main components of the hybrid biomass-wind system
are reported in Table 5. As expected, the thermal energy produced by BOIL and transferred to SGHX is
higher than the one provided by AUX. This occurs because BOIL operates continuously during the
year, while AUX is activated only when need in order to heat the flow exiting TK. As pointed out by the
results analysis, BOIL provides 83.4% of the thermal input to the system. In the considered steam cycle
design configuration, the amount of thermal energy transferred by COND to the cooling medium (HF)
is 92.2% of the one supplied by SGHX. This is achieved since the steam cycle operates with relatively
small pressure and maximum temperature, thus, the amount of produced electrical energy by ST is
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relatively low. It is also worth noting that the thermal energy dissipated by AHX is not negligible,
because it is equal to 21.9% of the total heat supplied by COND. This occurred because the steam cycle
is meant to operate continuously, and even at partial load, a small amount of thermal energy must to be
dissipated due to periods when the thermal demand is relatively small and to a thermally loaded tank.
Concerning the electrical energy production, the steam turbine produces 61.3% of the yearly yield,
thus, WT has a minor contribution in the production of energy, as pointed out also by the monthly
results. Moreover, the produced electrical energy allowed one to match 75.8% of the user demand,
with limited electrical energy excess, being the last one equal to 8.1% of the production. This result is
achieved because of the assumptions adopted to design the capacities of the system components, as ST
and WT. Moreover, it is worth noting that 91.8% of the energy supplied to the grid is recovered with
the virtual storage, which is above the limit of freely recovered energy of 80%, thus, in part the energy
recovered must to be paid by the user (11.8%), while a small part (8.2%) is not recovered at all.

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

Part Value Part Value Part Value

BOIL 3.15 × 105 absorber, ACH 1.06 × 105 WT 1.56 × 104

SGHX 3.15 × 105 condenser, ACH 8.82 × 104 system auxiliaries 3.06 × 103

COND 2.91 × 105 evaporator, ACH 8.45 × 104 user, electrical 5.00 × 104

AHX 6.90 × 104 user, heat 1.69 × 105 grid 1.31 × 104

AUX 6.26 × 104 user, cool 8.44 × 104 supplied to grid 3.24 × 103

generator, ACH 1.14 × 105 ST 2.46 × 104 recovered from grid 2.98 × 103

The efficiency and economic parameters are reported in Table 6. Here, the efficiency of ST, the
power to heat ratio of the steam cycle, the equivalent number of operation hours, the ratios between
the main electrical energies, the COP of ACH, the Primary Energy Saving ratio, and the economic
parameters are shown. A relatively low efficiency of ST is achieved due to the parameters adopted for
the Rankine cycle. This determined a thermodynamic limit for the maximum efficiency achievable by
the present steam system. As regards the wind turbine, the wind conditions of the selected locality
determined that the equivalent number of operation hours was more than 3000 h, which is a satisfactory
value, taking into account capacity of the unit. This value highlights that the availability of wind source
is abundant for the selected locality, determining favorable conditions for the installation of such kind
of system. Moreover, the thermally driven unit achieved a COP of 0.739, which is coherent with the
technology of single-stage LiBr-water absorption units and the operation conditions occurring during
the system operation.

Table 6. Energy and economic parameters of the proposed system calculated on yearly basis.

Parameter Value Unit Parameter Value Unit

efficiency, ST 0.078 - savings, NG1 1.18 × 104 €/year
power to heat ratio 0.085 savings, NG2 4.95 × 103 €/year

hours, WT 3.46 × 103 hours savings, BIO1 5.39 × 103 €/year
from/to grid 0.918 - savings, BIO2 1.62 × 103 €/year

to grid/produced 0.081 - system cost 6.97 × 104 €
from grid/produced 0.074 - SPB, NG1 5.92 years

COP, ACH 0.739 - SPB, NG2 14.08 years
PESr, NG 0.906 - SPB, BIO1 12.93 years
PESr, BIO 0.832 - SPB, BIO2 42.87 years

PESr of the proposed system depends on the selected reference system. The hybrid system
achieved a remarkable primary energy saving of slightly more than 90% in case of NG scenario
reference scenario, while for BIO case the saving is slightly above 80%. As expected, PESr is higher
in case of NG with respect to BIO due to the savings of natural gas generated by the adoption of
biomass in the proposed system. The proposed system consumes only the primary energy related to
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the electrical energy provided by the grid, while in case of NG scenario the reference system consumes
a high amount of primary energy due to the adoption of conventional technologies. On the other hand,
the proposed system achieved a relatively lower PESr in case of BIO scenario, since the conventional
system in this case is based on the utilization of biomass for space heating purposes.

The economic parameters show that significantly higher savings are achieved in case of NG1
scenario with respect to the other ones. This is due the cost of the natural gas which is higher than
the biomass. Moreover, it is worth noting that the savings of the proposed system in case of BIO2
scenario is only due to the avoided consumption of electrical energy at the net of the increased cost of
biomass supply due to operation of the steam cycle. In this economic context, SPB index varied from
5.92 years for NG1 scenario to 42.87 years for BIO2. Furthermore, the proposed economic analysis
is performed assuming that the difference in maintenance cost between the proposed and reference
system is negligible, though the authors also investigated the effect of a yearly maintenance cost of 2%
of the total cost of the system on the economics. In this case, for NG1, NG2, BIO1, and BIO2 scenarios
SPB is 6.72, 19.59, 17.44, and 300.7 years, respectively, highlighting that the maintenance costs affect
significantly the system profitability, especially when the savings are limited by the cost of biomass.

5.4. Sensitivity Analysis

The sensitivity analysis is performed varying ST and WT capacities from 1 to 10 kW. In the analysis,
the variation of WT nominal power is adopted assuming a normalized power curve developed on the
basis of reference wind turbine characteristics [20]. In the sensitivity analysis, the following results are
shown and discussed:

• ratio between electrical energy supplied to the grid and the produced one (Figure 12);
• ratio between the electrical energy recovered from the grid and the produced (Figure 13);
• ratio between the electrical energy recovered from the grid and the one supplied to the grid

(Figure 14);
• primary energy saving ratio in case of NG (Figure 15) and BIO (Figure 17) scenario;
• Simple Pay Back in case of NG1 (Figure 16) and BIO1 (Figure 18) scenario.

Figure 12. Ratio between the electrical energy supplied to the grid and the produced one by the hybrid
system vs. ST and WT nominal powers.



Energies 2020, 13, 5697 17 of 23

Figure 13. Ratio between the electrical energy recovered from the grid and the produced one by the
hybrid system vs ST and WT nominal powers.

Figure 14. Ratio between the electrical energy recovered from the grid and the supplied to the grid by
the hybrid system vs. ST and WT nominal powers.

Figure 15. Primary energy saving ratio in case of NG scenario vs. ST and WT nominal powers.
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Figure 16. Simple Pay Back in case of NG1 scenario vs. ST and WT nominal powers.

Figure 17. Primary energy saving ratio in case of BIO scenario vs. ST and WT nominal powers.

Figure 18. Simple Pay Back in case of BIO1 scenario vs ST and WT nominal powers.

The trend of the ratio among excess energy and the produced one allows one to observe that the
higher are the capacities of both ST and WT, the higher is the energy supplied to the grid, nevertheless
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this increase is not linear. For lower values of components capacities, there is a threshold beyond
which the system starts to supply energy to the grid, indeed for relatively low nominal powers of
the components (1–3 kW), the excess energy is practically negligible compared to the produced one,
since it less than 2% of the energy yield. The plots also show that, for a fixed wind turbine power, the
effect of the increase of the steam turbine size on the excess to produced energy ratio is higher for
lower power values compared to the increase achievable for values at the end of the considered range
(1–10 kW). This is due to the fact that the operation of the system and the electrical energy production
from the point of view of the steam turbine is limited by the thermal demand of the user, determining
an operation of the unit at partial load.

The trends of the ratio between the energy recovered from grid and the produced one clearly
point out that there is maximum of the energy recoverable for a fixed nominal power of ST or WT. For
a constant wind turbine capacity, the energy recovered increases as a function of the steam turbine
power in the first part of the range. This occurs until the energy supplied to the grid and recovered
matches the electrical energy required to fulfill the gap between the energy directly consumed and the
one needed from the grid. However, it must be also considered the fact that the higher is the ST power,
the lower is the energy required from the grid and, thus, lower is the capability to recover energy.
After a certain combination of ST and WT powers, the energy recovered keeps constant because the
user demand is entirely matched by the energy directly produced or recovered, while the production
increase implies a decrease of the recovered to produced energy ratio. It is worth noting that for
lower values of WT power, the effect of ST power on the maximum recovered-produced energy ratio
is lower. In particular, for an increase of WT power from 4 to 5 kW the increase of the maximum
recovered-produced energy ratio is 0.021, while between 8 and 9 kW is 0.017.

Concerning the ratio between the energy recovered and supplied to the grid, it can be observed
that for the majority of ST and WT combinations, the increase of both powers determines a decrease of
such ratio. The increase of the system energy generation capacity leads obviously to an increase of
the energy produced in excess, however with the increase of the system size decreases the part of the
energy may be recovered from the one produced in surplus. Furthermore, it is worth noting that for
some trends, the from/to grid ratio (WT power of 1 and 2 kW) passes from 0.0 to 1.0 with a unitary
increase of ST power. Such a characteristic is present because, for relatively low capacities of ST and
WT, the excess energy passes from zero to a relatively small value, which is recovered in 100%.

The effect of the increase of power on the primary energy saving in both NG and BIO scenarios is
higher in case of ST compared to WT, since ST system produces more total energy compared to WT
one, and this occurs independently of the considered reference scenario. The increase of PESr is higher
within the lower values of capacities (1–5 kW) since the marginal energy supplied usefully to the user
is higher compared to the one achievable in the range of higher capacities (5–10 kW). In fact, the energy
demand of user is almost entirely matched by the system when its size increases. Therefore, from the
point of view of PESr, the increase of WT and ST power above about 5 kW is not profitable since it
leads to relatively low increase of PESr (at most 10%). In general, PESr parameter is slightly higher
in case of NG scenario compared to the BIO one, though higher differences are noticeable for lower
capacities of the components. For example, for both ST and WT powers of 2 kW, PESr, NG, and PESr,
BIO are 0.768 and 0.584, respectively, while for a power of both devices of 5 kW, the ratios are 0.947 and
0.904, respectively.

The plots regarding SPB index show that higher capacities of both ST and WT imply a lower
economic profitability of the system for NG scenario. SPB, NG1 for a WT power of 1 kW is below
6 years when the power of ST is under 6 kW, while for a WT power of 10 kW, ST power must to be
lower than 3 kW in order to match this same economic criterion on SPB index. As expected, the best
SPB is reached for the lowest capacities of the electrical energy generation systems. This is in part due
to the cost of ST system and to a negligible effect of the economy of scale of the WT system, intrinsic of
the developed cost function. However, it is worth noting that in the NG1 scenario, the SPB is lower
than 10 years almost for all considered ST and WT powers.
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Under BIO1 scenario, SPB trends reveal that there is a combination of ST and WT powers
optimizing the economic profitability of the system. For all the wind turbine powers in the range from
1 to 10 kW, the optimum ST power is about 3 kW. Therefore, there is a trade-off between the cost of the
proposed system and the possible economic savings due its operation. In particular, in the considered
case, being the biomass freely available, the production of heat not produces any direct saving related
the operation of the system, since the savings are assessed only taking into account the electrical energy
for matching the user demand and space cooling operation. Thus, the economic profitability is affected
by the electrical energy directly consumed or the one recovered from the grid virtual storage. In fact,
beyond WT power of 5–6 kW and above a certain value of ST power (from 4 to 9 kW), SPB, BIO1 trend
are increasing the linear, which means that the savings increase is marginal with the respect to the
increase of system cost due to ST. These trends are also due to the decrease of from grid/produced
energy ratio, as shown in Figure 13.

5.5. Summary of the Results

The performed analyses are developed in order to investigate comprehensively the proposed
system from the point of view of dynamic operation parameters during a one-day time period, weekly
energy performance along one year, yearly energy-economic indexes and to study effect of the turbines
capacity on the system performance. The main findings carried out within the performed analyses are
presented in Table 7.

Table 7. Summary of the main results of the simulations.

Analysis Findings

Daily analysis

The steam system allows one to ensure a stable temperature of the water stream at the outlet of
both steam turbine and condenser (96.7 and 91.7–95.0 ◦C respectively), due to the constant
temperature of the steam generated by the boiler (230 ◦C);
The operation of the boiler is characterized by a reduction of the heat supplied in the night hours,
when the stem cycle system operates mainly for the production of electrical energy, since the
main part of the thermal power rejected by COND is dissipated by the auxiliary heat exchanger
AHX.

Weekly analysis

During the year, the activation of the auxiliary heating of the thermal storage tank receiving heat
from the condenser is significant during some weeks, since the thermal power of the steam cycle
is undersized with respect to the demand, thus thermal power supplied by the condenser is not
always adequate to maintain the tank top temperature within the desired range (85–90 ◦C);
The electrical energy supplied by the system to the grid as virtual storage is relatively higher in
the winter weeks compared to the summer ones, and this trend is justified by the operation of ST
at a higher load and by a higher wind availability. The amount of excess energy in winter is
meanly 1.6 times higher than the summer one.

Yearly analysis

The produced electrical energy allowed one to match 75.8% of the user demand, with limited
electrical energy excess, being the last one equal to 8.1% of the production. 91.8% of the energy
supplied to the grid is recovered with the virtual storage.
The steam turbine achieved an efficiency of 0.078, due to the relatively low maximum cycle
temperature (200 ◦C) and pressure (8.0 bar), while for the selected locality the wind turbine
achieved an equivalent number of operation hours more than 3000 h, pointing out favorable
conditions for the installation of micro-scale wind turbines.
The proposed system achieved the best performance in case of NG1 scenario (Simple Pay Back of
about 6 years), while for the other scenarios the system is not feasible from the economic point
of view.

Sensitivity
analysis

The trends of the ratio between the energy recovered from grid and the produced one clearly
point out that there is maximum of the energy recoverable for a fixed nominal power of the
steam and wind turbine. For lower values of wind turbine power, the effect of steam unit power
on the maximum recovered-produced energy ratio is lower. In particular, for an increase of the
wind turbine power from 4 to 5 kW the increase of the maximum recovered-produced energy
ratio is 0.021, while between 8 and 9 kW is 0.017.
The increase of the nominal power of both steam and wind turbine determine a decrease of the
economic profitability of the system for NG1 scenario. Thus, when the nominal power of one
turbine increases, the power of the other one must o decrease in order to achieve a satisfactory
economic performance of the system;
Under BIO1 scenario, the economic profitability of the system can be optimized selecting a
proper combination of steam and wind turbine powers. For all the wind turbine powers in the
range from 1 to 10 kW, the optimum ST power is about 3 kW.
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6. Conclusions

A novel micro-scale hybrid biomass-wind trigeneration system is investigated by means of
dynamic simulation in TRNSYS software from the technical, energy and economic point of view. The
scope of the study is to determine the operation characteristic of the system integrating two renewable
energy sources and the possible energy and economic advantages achievable by its installation in a
realistic user. The system is based on a wood-chip boiler, low-pressure steam turbine, wind turbine,
heat recovery system and an absorption chiller. In order to assess the system performance, a case
study is adopted consisting of a household with zootechnical farm, under the conditions of northern
Poland. The analysis is carried out assuming two reference systems, namely NG consisting of a
natural gas boiler, electrical chiller and the electric grid providing heating, cooling and electrical energy,
respectively, and BIO, integrating the same devices apart from a wood chip boiler adopted for space
heating. Moreover, for NG and BIO scenarios, two conditions are assumed: “1” with freely available
biomass and “2” with market price biomass.

The performed analysis shows that the proposed system is feasible from the technical and energy
point of view. The designed configuration of the system is capable to match the major part of the user
energy demand and it allows one to limit the input of auxiliary energy.

The proposed system presents a relatively high cost of investment, nonetheless its economic
profitability is mainly affected by the type of fuel used in the reference system; natural gas or biomass.
The proposed system in case of NG scenario is fairly feasible from the economic point of view, while it
is less attractive for BIO1 scenario. In case of a reference system with a heating system supplied with a
not cost-free biomass (BIO2), the proposed system is not feasible from the economic point of view due
to incidence of the biomass consumption in the operation costs.

Future developments of this study will include: investigation of the system performance as a
function of different users and locations, energy tariffs and incentive policies in order to find general
conditions for the application of the system, a comprehensive sensitivity analysis, and rigorous
optimization aiming at determine the effect of the design and economic parameters on the performance.
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