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ABSTRACT

The thermoeconomic feasibility of a hybrid solar-biomass renewable cogeneration systems based on a
wood-chip boiler, photovoltaic-thermal (PVT) collectors and an organic Rankine cycle (ORC) engine is
investigated for combined heat and power (CHP) provision in a sports-centre application. The PVT-
based CHP (PVT-CHP) subsystem, integrated with thermal energy storage, is designed to meet most of
the energy demands of the facility at high solar-irradiance conditions, while the biomass ORC-based
CHP (ORC-CHP) subsystem, driven by a wood-chip boiler, is used to compensate the intermittent solar
energy and match the onsite energy demand. A technoeconomic model is proposed to optimise the hybrid
cogeneration system design and operation. Annual energy simulations are conducted in a case study
focused on the provision of electricity, space heating, swimming pool heating and hot-water supply to
the University Sports Centre (USC) of Bari, Italy. The size of the ORC engine is found to be critical to
the performance of the PVT-ORC cogeneration system. With an installation area of 4,000 m? for the
PVT collectors and an ORC engine size of 40 kWe/310 kWt, the hybrid solar-biomass cogeneration
system can provide 100% renewable energy supply to the USC with a payback time of 11.5 years,
compared to 12.3 years for the solar-only PVT-CHP system. Although the biomass-only ORC-CHP
system has much shorter payback time (5.0 years), the electricity output is insufficient to match the
demand, accounting for only 27% of the electricity consumed onsite. This work shows that neither the
solar-only nor biomass-only systems can provide full renewable energy supply to the USC, while their
hybridisation makes this target attainable, with a moderate payback on investments.

1. INTRODUCTION

Cogeneration or combined heat and power (CHP) is the combined production of two forms of energy,
i.e., electric or mechanical energy and useful thermal energy, in one technological process.
Cogeneration can provide multi-vector energy supplies with much higher overall efficiency and better
match to the energy demands than alternative standalone energy production processes, and thus has an
excellent decarbonisation potential and economic benefits.

Renewable energy-based CHP is especially attractive as the consumption of fossil fuels can be
significantly reduced. Solar and biomass are among the most widespread energy sources for
cogeneration systems. Solar CHP systems are mainly based on the integration of solar-thermal
collectors with heat-to-power conversion units (Chatzopoulou et al., 2019, Ramos et al., 2019), or
integration of solar photovoltaic (PV) panels with power-to-heat conversion units (Ramos et al., 2017),
or the combination of side-by-side solar-thermal and PV systems. Another emerging solar CHP
technology, namely hybrid PV-thermal (PVT) collector, can generate both electricity and useful thermal
energy from the same collector area, and therefore has higher overall efficiency if operated
appropriately (Herrando et al., 2018, Guarracino et al., 2019, Herrando et al., 2019). Previous studies
have suggested that PVT-based cogeneration systems can cover a significant amount of the energy
demand of end-users given access to reasonable installation areas with excellent decarbonisation
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potential (Guarracino et al., 2016, Herrando and Markides, 2016, Wang et al., 2019). Due to the inherent
intermittence of solar energy and the constraints of available areas, it is often challenging to meet all
the onsite energy demand with solar cogeneration systems, despite the use of thermal storage.
Integrating biomass with solar energy is interesting as these renewable resources can complement each
other: biomass can compensate the fluctuations of solar energy while solar energy can provide extra
flexibility for the supply chain of biomass (Pantaleo et al., 2014, Pantaleo et al., 2017).

The integration of concentrated solar-thermal and biomass has been studied extensively in the context of
power generation. Heat-to-power conversion technologies of interest mainly included the organic Rankine
cycle (ORC) (Pantaleo et al., 2018), supercritical CO, (Wang et al., 2018), Stirling (Wang et al., 2016),
thermofluidic (Oyewunmi et al., 2017) and combined cycles (Anvari et al., 2019). Various hybrid solar-
biomass cogeneration/polygeneration systems have been proposed based on different technology
integrations. Morrone et al. (2019) performed a thermodynamic modelling on a hybrid solar-biomass
transcritical ORC system for combined heat and power generation for residential applications based on in-
series parabolic trough collectors (PTCs) and biomass boilers. It was found that the hybridisation allows
the reduction of biomass consumption, increasing maximum operating hours and improving the overall
system efficiency while overcoming the intermittency of the solar source. Khalid et al. (2017) performed a
thermoeconomic assessment of a solar multigeneration system with the outputs of electricity, space heating,
cooling and hot water for a community application, based on the integration of a biomass boiler, PTCs, an
ORC engine, a gas turbine and an absorption chiller. The results suggested that the hybrid system is more
efficient and economic than individual renewable energy systems. Sahoo et al. (2018) proposed to use
biomass boiler to upgrade the fluid temperature of the PTC field for generating electricity, cooling and
clean water using an ORC engine, a vapor absorption refrigerator and a desalination unit. It was concluded
that the polygeneration system is more cost-effective compared to solar thermal and hybrid solar-biomass
power plants. A solar-biomass ORC powered cascaded vapor compression-absorption system was
proposed by Patel et al. (2017), and parabolic dish, PTC and linear Fresnel reflector were considered as the
solar technology. The thermoeconomic analyses indicated that the fully biomass powered system
outperforms the solar-biomass powered alternative option in terms of the capital cost and payback time.

Almost all of existing work on hybrid solar-biomass CHP systems has focused on concentrated solar
thermal collectors (usually PTCs), the application of which may have limitations in sectors such as
residential or public buildings located in regions with dense populations. Here, we propose a hybrid
solar-biomass CHP system targeted for full renewable energy supply, based on PVT collectors, a
biomass boiler and an ORC engine. The ORC engine is coupled to the boiler for power generation and
its rejected heat is used to supplement the fluctuating solar heat from the PVT collectors. The electrical
outputs of the ORC engine and PVT collectors are used to cover the onsite electricity demand. A
thermodynamic model is developed and the thermoeconomic potential of various system designs are
then assessed and compared to alternative standalone solar and biomass CHP systems, with the
University Sport Centre (USC) of Bari (Italy) selected as an application case.

2. METHODOLOGY

The proposed PVT-ORC hybrid solar-biomass CHP system is shown in Figure 1(a). It consists of a
solar-driven PVT subsystem and a biomass-driven ORC subsystem. Part of the solar energy is directly
converted into electricity by the PV cells and the rest is partially collected as low-temperature thermal
energy through a heat transfer loop between the PVT collectors and the water tank. The ORC engine is
driven by the heat from the biomass boiler via a thermal oil heat transfer loop, and its T-s diagram is
shown in Figure 1(b). Wood chips are used for heating the thermal oil to a temperature of 310 °C. The
high-temperature thermal oil pumped into the evaporator of the ORC engine is used to produce high-
pressure refrigerant vapor (2—5), which is then expanded to a lower pressure producing electric power
in the expander-generator assembly (5—6). The low-pressure vapor is then condensed to saturated liquid
in the condenser (6—1) which is pumped back to the evaporator (1-2) for the next cycle.

Along with the electricity generation, the ORC engine is designed to provide useful thermal energy through
the heat rejected during the condensation of the refrigerant, which is collected by a cooling water loop
connected to the water tank. When the water temperature in the tank is lower than the desired value (70 °C)
due to the insufficient heat supply from the PVT subsystem, the biomass-ORC subsystem is turned on to
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produce hot water until the water temperature reaches the upper-limit (80 °C). The solar intermittence
problem is thus overcome by the biomass subsystem. The thermal energy stored in the water tank is used to
cover the thermal demand of the USC of Bari for space heating (70 °C), swimming pool heating (55 °C) and
hot water (55 °C). The electricity generated by the PVT collectors and the ORC engine is used to compensate
the electricity consumption of the pumps and the rest to cover the electricity demand. Any surplus electricity
is exported to the grid via net metering option. The USC has total annual demands of 1600 MWh and 810
MWh for thermal energy and electricity respectively, which are currently met by natural-gas boilers and
electricity grid. The monthly breakups of the demands are shown in Figure 2. High thermal demand is
required during cold seasons while electricity demand is relatively stable over the year.
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Figure 1: (a) Schematic of the PVT-ORC CHP system. (b) T-s diagram of the investigated ORC system.
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Figure 2: Energy demands for the University Sport Centre (USC) of Bari, Italy.

2.1 Solar-PVT subsystem model

A transient thermodynamic model has been built for the PVT subsystem, which accounts for the key
heat transfer mechanisms that determines its thermal and electrical performance. Single-glazed PVT-
water collectors with sheet-and-tube thermal absorbers are used in the work. The main control equations
of the glass covers, PV cells and water in the water tank are:

dTg
Mgcgg = Qs,g + Qr,pv—g + Qc,pv—g - Qr,g—sky - Qc,g—a (1)
drT,
bv _
Mpvcpv at Qs,pv - Qr,pv—g - Qc,pv—g - Qc,pv—w (2)
dTywe _
MWtCWtF - QORCcond + Qw—wt - th,loss - Qdem (3)

where M, ¢, T and Q denote mass, specific heat capacity, temperature and heat transfer rate, respectively,
and subscripts ‘g’, ‘s, ‘r’, ‘pv’, ‘¢’, ‘sky’, ‘a’, ‘w’, ‘wt’, ‘ORCcond’, ‘loss’ and ‘dem’ refer to the glass cover,
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solar energy, radiation, PV cells, convection, sky, ambient, water, water tank, ORC condenser, heat losses
and thermal demand, respectively. The detailed equations for these heat transfer mechanisms can be found
in Herrando et al. (2014) and Guarracino et al. (2016). The thermal and electrical efficiencies (1, 1) of the
PVT collectors obtained by the model under standard condition are given in Equations (4) and (5):

Ny = 0.664 —5.41- T, — 0.0209 -G - T, (4)
Ne = 0.15+[1 — 0.0045 - (T, — 25)] (5)
where Ty, G and Tj,, denote the reduced temperature, solar irradiance and PV cell temperature.

2.2 Biomass-ORC subsystem model

Biomass-ORC engines are typically operated at relatively high temperatures, and thus a high critical
temperature is required for the working fluid. Toluene (Pantaleo et al., 2018), octamethyltrisiloxane
(MDM) (Prando et al., 2015) and hexamethyldisiloxane (MM) (Uris et al., 2017) have been used for
biomass-ORC engines. In this work, Toluene is chosen as the working fluid considering its better
performance, good environmental and safety properties. A sub-critical, non-regenerative ORC is
considered, as shown in the T-s diagram in Figure 1. The performance of the thermodynamic cycle is
calculated by using an in-house ORC model (Oyewunmi and Markides, 2016). The heat extracted from
the condenser, Qorceond. 1S COllected via a water circulation loop and is coupled to the energy balance
equation of the water tank in the model, as given in Equation (3).

The heat exchangers are modelled as counter-flow, double-pipe heat exchangers. For single-phase heat
transfer in the heat exchangers, the Nusselt number correlation presented by Dittus-Bolter (Lecompte
et al., 2013) is used. For two-phase heat transfer in the condenser, the correlation proposed by Shah
(1979) is used, while that by Chen-Zuber correlation (Chen, 1966) is used for two-phase boiling in the
evaporator. The thermodynamic cycle of the ORC engine is optimised using the fmincon algorithm in
MATLAB® to maximise its thermal efficiency while considering the constraints of the pinch point
(>10 °C), pressure drop (<100 kPa), etc., to ensure reasonable operating conditions and designs. The
main parameters of the designed ORC engine are given in Table 1. The overall efficiency from biomass
energy to thermal energy transferred to the evaporator is assumed as 85% (Morrone et al., 2019). The
control equations of the solar-PVT and biomass-ORC subsystems are implemented in MATLAB® and
solved iteratively with a time step of an hour over the whole year.

Table 1: Designed operational condition and main parameters of the ORC engine.

Parameter Value
ORC working fluid Toluene
Thermal oil inlet temperature 310°C
Water inlet temperature 80 °C (maximum)
Water outlet temperature 90 °C
Evaporating temperature/pressure 248 °C/1.6 MPa
Condensing temperature/pressure 135 °C/0.19 MPa
Pump isentropic efficiency 60%
Expander isentropic efficiency 70%

2.3 Economic models

The economic performance of the system is assessed in terms of payback time based on the capital
costs, operational and maintenance costs and revenues due to displaced natural gas and grid electricity
consumption as well as the exported electricity. The annual cost saving, Cs, is calculated by,

— Qcov QORCevap
Cs =E.ov Ce +EeXp "Set—Chg————

Chio — C
Nboil bio O&M 1 (6)

ng Nbio

where E,, and Q.. denote the electrical and thermal demands covered, E.yp, is the electricity exported to
the grid, Qorcevap represents the heat added to the evaporation of the ORC engine, 7,5 and 1y, are
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the natural-gas boiler efficiency (80%) and the overall efficiency from biomass to thermal energy added to
the ORC condenser (85%), respectively. c., cpg and cy,, are the prices of electricity (0.205 €/kWh), natural
gas (0.056 €/kWh) and wood chips (0.018 €/kWh), respectively, s, is the electricity price for the net
metering option (0.103 €/kWh), and Cqg is the operation and maintenance costs. The cost models of the
PVT and ORC subsystems can be found in Wang et al. (2019) and Oyewunmi and Markides (2016),
respectively. The payback time is calculated by,
Colip=d)
PBT = " : @)

In(358)

where d is the discount rate (2.8%) and i is the inflation rate (1.2%).

3. RESULTS AND DISCUSSION

The design target of the PVT-ORC hybrid solar-biomass cogeneration system is to provide full
renewable energy supply without any need for backup fossil fuel solutions for the USC, i.e., net-zero
energy balance. The operation characteristics and thermodynamic performance of the solar-only PVT
and biomass-only ORC systems are first examined. For the PVT-CHP case (i.e., no ORC integrated),
an installation area of 4,000 m? is considered for the PVT collectors, which corresponds to the maximum
roof area available in the USC and a total installed electrical power of 600 kW,. The size of the water
tank is fixed for all cases considering the amount of the thermal demand and the water temperature
constraints. The annual water temperature variation of the water tank of the PVT-CHP system is shown
in Figure 3(a). It is observed that the water temperature is typically between 40 °C and 50 °C in winter,
which is significantly lower than the required delivery temperature (70 °C) for space heating. As the
solar resource becomes better and the thermal demand drops (see Figure 2) in summer, the water
temperature is remarkably higher, reaching above 90 °C in July and August. The thermodynamic results
show that the thermal demand coverage fractions are 13%, 49% and 75% respectively for the space
heating, pool heating and hot water, corresponding to a total coverage fraction of 52% of the total
thermal demand. The total electricity output of the PVT-CHP system accounts for 82% of the electricity
demand, and the onsite coverage fraction is 38% due to the fluctuation feature of solar energy. The
results show that the solar-only PVT-CHP system without any biomass integration is not able to fulfil
the demand of the USC due to the constraints of the installation area and the unavoidable fluctuations
of solar energy.

An equivalent biomass-only ORC-CHP system (i.e., without PVT integrated) is also investigated. The
ORC engine is sized to meet all the thermal demand of the USC. To achieve this target, the minimum
size is found as 60 kWe/490 kWi for the electrical and thermal outputs. The temperature variation in
the water tank is shown in Figure 3(e). In winter period when space heating is required, the temperature
to trigger the ORC engine is set as 2 °C higher than the required delivery temperature (70 °C), while in
the other periods it is set at 57 °C. The temperature variation shows that the ORC-CHP system can
effectively ensure that the water is above the needed temperature; therefore 100% of the thermal demand
is covered. All of the electricity generated by the ORC-CHP system is directly used and accounts for
27% of the electricity demand, which indicates that the system has a baseload supply capability. This
provides a good potential to compensate the fluctuations of solar energy. Although the biomass-only
ORC-CHP system with an appropriate size can meet all the thermal demands, the amount of electricity
production is still well below the target for full renewable energy supply. In order to avoid intermittent
operation of the biomass boiler, a thermal storage buffer could also be integrated between the boiler
and the ORC evaporator (Pantaleo et al., 2018), which is not considered in this work.

Comparing the results of the PVT and ORC systems, it is found that they can complement each other
in terms of the energy production and dynamic response, i.e., more electricity demand can be covered
by the PVT system while the ORC system has better capability for covering the thermal demand with
faster responses. Results of the hybrid ORC-CHP system with different sizes of the ORC engine are
shown in Figures 3(b), (c) and (d). In order to meet the full renewable energy supply target, the area of
the PVT collectors is kept as the maximum available area (4,000 m?). It shows that the size of the ORC
engine affects the tank temperature significantly. With a smaller size, the annual temperature profile is

5 International Seminar on ORC Power Systems, September 9 - 11, 2019, Athens, Greece



Paper ID: 107, Page 6

less affected by the ORC system, as the thermal power provided by the ORC engine is insufficient to
cover the demand, as shown in Figure 3(b). Increasing the ORC size can effectively stabilize the water
temperature within the required range. As the thermal demand in summer is low and can be fully
fulfilled by solar energy, the ORC engine is therefore turned off for most of the time, leading to the
similar shapes of the temperature variations in these scenarios.
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Figure 3: Annual results of the water temperature in the water tank of: (a) PVT-CHP system, (b) PVT-ORC CHP
system with the ORC size of 27 kWe/220 kWi, (c) PVT-ORC CHP system with the ORC size of 40 kWe/310 kW,
(d) PVT-ORC CHP system with the ORC size of 60 kWe/490 kWi, and (¢) ORC-CHP system with the size of 60
kWe/490 kWt. The installation area of the PVT collectors is 4,000 m? for all cases.

Figure 4 shows the changes of the electricity demand, coverage and generation by the PVT and ORC
engine in the PVT-ORC CHP system with the ORC size of 60 kWe/490 kWt in two representative
periods of the year, i.e., 5 days in January and in June. It is observed that the electrical power generated
from the PVT system is highly fluctuating and can fulfil all the daytime demand with some excess
exported to the grid at good solar conditions. During the periods in January when the water temperature
of the water tank drops below the trigger point, the ORC engine is started to heat up the water and
electricity is hereby generated, as shown by the blue dash line in Figure 4(a). Along with the solar
electricity, the ORC engine provides a relatively stable baseload electricity supply for the USC. During
the summer period, however, due to the adequate solar energy to sustain the required water temperature,
the ORC engine is turned off and thus no electricity is generated from the biomass. As the solar radiation
in summer is high, the electricity generated from the PVT collectors is sufficient to fulfil all the daytime
demand with a significant amount of excess electricity.
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Figure 4: Transient electricity demand (Pgem), coverage (Pcov), generation by the PVT (Ppyr) and ORC (Porc) of the
PVT-ORC CHP system (ORC size: 60 kWe/490 kWt) during the period: (a) 20 to 25 January, and (b) 20 to 25 June.

Figure 5 presents the thermodynamic and economic performance metrics based on the annual simulation
results for the PVT-ORC system with different sizes of the ORC engine. As analysed above, the size of
the ORC engine influences the performance of the hybrid solar-biomass cogeneration system. Integrating
the ORC engine with an appropriate size can effectively increase the energy outputs and reduce the
payback time. The optimal performance is found when the ORC engine is sized as 40 kWe/310 kWit. In
this case, all the thermal demand can be fulfilled, and the total electricity generation accounts for nearly
100% of the demand, indicating that the target of near-zero energy dependency on fossil fuels is achievable
with the proposed system. The shortest payback time is 11.5 years for the PVT-ORC cogeneration system,
which is about 1 year shorter than the standalone PVT-CHP system. As a comparison, the standalone
ORC-CHP system is the most cost competitive solution in terms of the payback time (5.0 years), but its
electricity output is limited, accounting for only 27% of the electricity demand.
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Figure 5: Thermoeconomic performance of different coupling scenarios of the CHP systems: (a) thermal demand
coverage, (b) electricity demand coverage and electricity generation, and (c) payback time. The installation area
of the PVT collectors is 4,000 m? for all cases.

4. CONCLUSIONS
A technoeconomic analysis has been conducted of a hybrid solar-biomass cogeneration system based on
PVT collectors and an ORC engine, providing electricity, space heating, swimming pool heating and hot

water to the USC of Bari, Italy. A transient model has been developed for the PVT-ORC CHP system by
coupling a heat transfer model of the PVT collectors with a thermodynamic model of the ORC engine.
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Standalone PVT and ORC systems have also been investigated for comparison purposes. The results from
the annual simulations show that, given the maximum installation area of 4,000 m?, a standalone PV T-CHP
system without biomass integration can cover 52% of the total thermal demand along with an electricity
generation amounting to 82% of the site’s demand, while a standalone ORC-CHP system can fulfil all the
thermal demand (with a faster response) but the generated electricity can only cover 27% of the demand.
Integration of the solar and biomass system can provide better energy production capability and dynamic
response to the demand, arising from the complementary effect of this hybridisation. Sensitivity analyses
on the size of the ORC engine indicate that it has a significant effect on the system thermodynamic and
economic performance. Based on a PVT-collector area of 4,000 m? and an ORC engine of size 40
kWe/310 kWi, the PVT-ORC system can provide full renewable energy supply to the USC with a payback
time of 11.5 years, which is about 1 year shorter than a standalone (solar-only) PVT-CHP system.
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