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ABSTRACT 

 
The annual performance of a hybrid micro-Cogeneration of Heat and Power (CHP) system driven by 
solar energy and biomass with a Trilateral Flash Cycle (TFC) engine as the prime mover is simulated 
and optimized in this work. The system is sized to meet the Space Heating (SH) demand of a typical 
multi-family building in Athens, Greece. Particular attention is paid to the challenging two-phase 
expansion phenomenon, the factor mainly affecting the efficiency of the TFC, under off-design and 
partial load conditions. Under optimized operating conditions, the average annual CHP efficiency, TFC 
thermal efficiency, and solar energy conversion efficiency were estimated to be 89.2%, 8.4%, and 4.3%, 
respectively. The TFC can cover 18% of the building’s SH demand and 40% of its electricity demand, 
with the Levelized Cost of Electricity (LCOE) and Levelized Cost of Heat (LCOH) in the range of 
0.21~0.28 €/kWhel, and 0.065~0.087 €/kWhth, respectively.  Furthermore, PayBack Periods (PBP), 
between 15 and 25 years, can be anticipated, when current market energy prices are considered.  
 

1 INTRODUCTION 
 
CHP is a well-established alternative to the standard practice of segregated electricity and heat 
production, because of increased primary energy conversion efficiency, and lower GreenHouse Gas 
(GHG) emissions. Micro-CHP units typically have a nominal electric capacity lower than 50 kWel. They 
are particularly suitable for the domestic sector, a major energy consumer and GHG emitter in the EU. 
Micro-CHP systems driven by Renewable Energy Sources (RES), and hybridized by combining 
intermittent and stable RES, can play a significant role in increasing the energy efficiency of buildings, 
while reducing substantially their carbon footprint. 
In regions with low to middle latitudes, it is of particular interest to study the sustainability of hybrid 
micro-CHP systems driven by solar energy and biomass (currently the RES with the highest share in 
the EU). Biomass Boilers (BB) for residences typically operate at top temperatures of about 90~95oC. 
On the other hand, several types of solar thermal collectors have been developed, capable to provide 
heat at temperatures up to 400oC, but, for residential applications, the temperature of the heat source is 
limited to a maximum of 120~130oC. At such temperature ranges of the heat source, an efficient heat-
to-power technological solution is the utilization of a bottoming power cycle (Padinger, Aigenbauer, 
and Schmidl 2019). 
Among the commonly applied bottoming power cycles, the Organic Rankine Cycle (ORC) has certain 
advantages, such as the low maintenance cost, nearly unsupervised operation, and flexibility in the 
design (Tchanche et al. 2011), that render it a promising solution for residential micro-CHP. However, 
in an ORC, the potential of the heat source is not optimally exploited, because of the increased exergy 
losses during the evaporation of the WF in the evaporator (Schuster et al. 2010). The temperature of the 
finite heat source drops as the WF evaporates isothermally, leading to reduced attainable evaporating 
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pressure, and, consequently, generated power. This sub-optimal match between the heat source and the 
WF at the evaporator of an ORC can be overcome if the evaporation of the WF is omitted, transforming 
the power cycle into a triangle (Schuster et al. 2010). 
A promising alternative to the ORC power cycle is the TFC, originally conceptualized for optimal heat 
recovery in geothermal applications (Smith 1993). In the TFC, the WF enters the suction port of the 
expansion machine in the saturated liquid state (or two-phase mixture in the generalization of the 
concept), where two-phase expansion, also known as flashing, occurs, and power is generated. Several 
theoretical studies comparing the TFC and the ORC for various heat sources (e.g. see (Fischer 2011)) 
have been published. They highlight the potential of the TFC as a high-efficiency alternative to the 
ORC. However, the technological maturity of the TFC is low because flashing is a complex non-
equilibrium phenomenon, and the efficiency of expanders in the two-phase region is not sufficiently 
mapped. Only a handful of experimental works in flashing have been undertaken (Öhman and Lundqvist 
2013; Smith, Stošić, and Aldis 1996), all indicating that the efficiency of two-phase expansion improves 
as the quality of the WF at the suction port of the expander increases. 
The purpose of this work is to numerically assess the performance of a novel hybrid micro-CHP system 
in Athens, Greece, driven by solar energy and biomass, and a TFC engine as the prime mover. The unit 
consists of a BB, an array of Evacuated Tube Collectors (ETC), a TFC engine, with a twin-screw 
expander as the expansion machine, and a Thermal Energy Storage (TES) tank. It operates in heat-
driven mode, and it is sized to meet the SH demand of an average-sized multi-family building. An 
integrated numerical tool is developed in Matlab to calculate the energy output of the micro-CHP system 
on an annual basis, with an hourly time step. A novel feature of this work is that the efficiency of two-
phase expansion under off-design operating conditions is carefully monitored, by applying a dedicated 
thermodynamic low-order model (Skiadopoulos et al. 2021). Optimization simulations are performed 
pinpointing the operating conditions that maximize total efficiency on an annual basis. This study 
concludes with a preliminary economic analysis to assist in an initial assessment of the modeled 
system’s competitiveness. 
 

2 MODEL RESIDENCE 
 
The model residence is a multi-family house in Athens, Greece, consisting of ten average-sized multi-
family apartments, with a total floor area of 920 m2, a shape factor equal to 1.1, and 10% openings 
coverage on its faces. The heating period is assumed to start on October 15 and end on April 15. The 𝑈𝑈 
values for the building's structural elements, extracted from the EU Buildings Database, are assumed to 
be average values of the buildings’ inventory in Greece. The SH demand of the building is calculated 
on an hourly basis for the heating period, assuming a desired internal temperature of 20oC and an 
operating temperature threshold of 15oC for the heating system. Typical meteorological Year (TMY) 
data for Athens are taken from the PVGIS database. The annual electricity demand for the building is 
calculated utilizing average electricity consumption data for households in Greece, and it is assumed 
that the annual electricity demand is distributed uniformly throughout the year. The energy demand data 
for the model residence are listed in Table 1, where 𝑄̇𝑄��,���, 𝑄𝑄��,��, and 𝑃𝑃��,�� are the maximum hourly 
SH demand, the total annual heating demand, and the total annual electricity demand of the building, 
respectively. 

Table 1: Energy demand of model residence 
𝑸̇𝑸𝒔𝒔𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎 [kWth] 𝑸𝑸𝒕𝒕𝒕𝒕,𝒂𝒂𝒂𝒂 [MWhth] 𝑷𝑷𝒆𝒆𝒆𝒆,𝒂𝒂𝒂𝒂 [MWhel] 

83.56 132.79 34.22 
 

3 MICRO-CHP SYSTEM 
 
Description 
The layout of the modeled micro-CHP system is presented in Figure 1. Two different modes of 
operation are selected, i.e. a CHP mode, and a TFC mode. In CHP mode, the TFC operates when there 
is sufficient solar irradiance (over 400 W/m2 for this work), and the condenser of the engine, with water 
as the Cooling Fluid (CF), charges the TES, which provides heat to the building. The BB acts as an 
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auxiliary heat source when the capacity of the TES is not sufficient. In TFC mode, only the TFC 
operates, and heat is dissipated in an air-cooled condenser. 
When the system operates in CHP mode, the temperature of the Heat Transfer Fluid (HTF) at the system 
evaporator is in the range of 100~120oC, whereas in the summer period, the respective range is 
80~120oC. Water pressurized at 4 bar, to avoid partial evaporation in the solar collectors' circuit, is 
selected as the HTF. The generated electricity from the TFC would, in an actual building, be, by priority, 
utilized to cover its energy demand, and the surplus could be sold to the power grid or stored locally. 
However, in this work, it is assumed that the generated electricity is used only to cover the building’s 
demand, averaged on a monthly and annual basis, since an electricity demand profile, that would allow 
calculating the actual hourly surplus or deficit, is not available. 
 

 
Figure 1: Layout of the hybrid micro-CHP system. 

   
Components’ sizing 
The Thermomax DF 100 30 ETCs, developed by Thermomax Ltd., are selected as the solar field of the 
system. The area 𝐴𝐴��� of the collectors is equal to 180 m2, indirectly estimated by calculating the 
necessary heat duty 𝑄̇𝑄��� (an equation for the calculation of the collectors' heat duty is given in Section 
4) from the solar field at an average temperature of the HTF equal to 120oC, ambient temperature 𝑇𝑇��� 
equal to 20oC, and solar irradiance normal on the ETCs 1000 W/m2, while assuming a target thermal 
efficiency 𝑛𝑛�� equal to 10% for the TFC, and a heat duty 𝑄̇𝑄��� at the condenser equal to 𝑄̇𝑄��,���. At 
these operating conditions, the nominal electric capacity 𝑃𝑃��� of the TFC becomes equal to 10 kWel.   
The minimum and maximum allowed temperatures of water in the TES are assumed to be 45 and 50oC, 
respectively. The necessary volume 𝑉𝑉��� of the TES is 15 m3, estimated assuming that the heat capacity 
of the TES should meet 𝑄̇𝑄��,��� within one hour. Finally, the nominal capacity 𝑄̇𝑄��,��� of the BB is 
equal to 90 kWth, sufficient to meet 𝑄̇𝑄��,���. 
 

4 MODELING 
 
Solar Field 
The parameters of the ETCs are listed in Table 2, with 𝜂𝜂� the optical efficiency at normal incidence, 
and 𝑎𝑎�, 𝑎𝑎� the first and second order losses coefficient, respectively. The inclination angle  
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𝛽𝛽 is selected to maximize the solar irradiance normal on the collectors at the studied location on an 
annual basis. 

Table 2: Solar field parameters 
𝜼𝜼𝒐𝒐 [-] 𝒂𝒂𝟏𝟏 [W/m2-K] 𝒂𝒂𝟐𝟐  [W/m2-K2] 𝜷𝜷  [o] 
0.832 1.14 0.0144 32 

Under steady-state operation of the ETCs, the heat transfer rate 𝑄̇𝑄�� from the ETCs to the HTF is given 
by Equation (1), where 𝐺𝐺� is the total irradiance on the collectors. Moreover, 𝑚̇𝑚��� and 𝑐𝑐�,��  are the 
mass flow rate and the specific heat, under constant pressure, of the HTF, respectively. Finally, 𝑇𝑇���,��� 
and 𝑇𝑇���,�� are the temperatures of the HTF flowing in and out of the ETCs, respectively. 
 𝑄̇𝑄�� = 𝐴𝐴��� ∙ [𝐺𝐺� ∙ 𝜂𝜂� − 𝑎𝑎� ∙ (𝑇𝑇� − 𝑇𝑇���) − 𝑎𝑎� ∙ (𝑇𝑇� − 𝑇𝑇���)�] =

= 𝑚̇𝑚��� ∙ 𝑐𝑐�,����𝑇𝑇���,��� − 𝑇𝑇���,��� 
(1) 

The efficiency 𝜂𝜂��� of the ETCs is given by Equation (2). 
 𝜂𝜂��� = 𝜂𝜂� − 𝑎𝑎� ∙ (𝑇𝑇� − 𝑇𝑇���) 𝐺𝐺�⁄ − 𝑎𝑎� ∙ (𝑇𝑇� − 𝑇𝑇���)� 𝐺𝐺�⁄ = 𝑄̇𝑄�� (𝐴𝐴��� ∙ 𝐺𝐺�)⁄  (2) 

 
TFC 
Assuming negligible heat losses at the evaporator, 𝑄̇𝑄�� will also be equal to the heat transfer rate from 
the HTF to the WF. This assumption is expressed by Equation (3), where 𝑚̇𝑚�� is the mass flow rate of 
the WF, while ℎ��,�� and ℎ��,��� are its specific enthalpies at the inlet and outlet of the evaporator, 
respectively. 
 𝑄̇𝑄�� = 𝑚̇𝑚�� ∙ �ℎ��,��� − ℎ��,��� (3) 

The condensation temperature 𝑇𝑇��� of the WF is given by Equation (4), where 𝑇𝑇��,��� is the temperature 
of the CF at the outlet of the evaporator, and 𝑃𝑃𝑃𝑃��� the pinch-point temperature difference at the 
condenser. When the CF is Air, 𝑇𝑇��,��� is equal to 𝑇𝑇��� + 𝛥𝛥𝛥𝛥��, with 𝛥𝛥𝛥𝛥�� denoting the allowed 
temperature rise of the CF. When the TFC operates in CHP mode, 𝑇𝑇��,��� is equal to the temperature 
𝑇𝑇��� of water in the TES at the beginning of the timestep. The determination of 𝑇𝑇��� leads directly to 
the calculation of the condensation pressure 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐.  
 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇��,��� + 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 (4) 

The coupling between the TFC and the ETCs at the evaporator is accomplished by the pinch point 
temperature difference 𝑃𝑃𝑃𝑃�� in an iterative manner. Specifically, Equations (3),(5), and (6) are solved 
iteratively until convergence, with 𝑚̇𝑚��, and the evaporation pressure 𝑝𝑝��, the iteration variables for a 
given quality 𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 of the WF at the suction port of the expander. In Equation (5) 𝑇𝑇���,�� is the 
temperature of the HTF at the end of preheating. In Equation (6), 𝑄̇𝑄�� denotes the heat transfer rate to 
the WF during preheating.     
 𝑇𝑇���,�� = 𝑇𝑇���,��(𝑝𝑝��) + 𝑃𝑃𝑃𝑃�� (5) 
 𝑄̇𝑄�� = 𝑚̇𝑚�� ∙ �ℎ�,���(𝑝𝑝��) − ℎ�� = 𝑚̇𝑚��� ∙ 𝑐𝑐�,��� ∙ �𝑇𝑇���,�� − 𝑇𝑇���,��� (6) 

Having calculated 𝑚̇𝑚�� and 𝑝𝑝��, the thermodynamic low-order model simulating two-phase expansion 
(Skiadopoulos et al. 2021) in the twin-screw expander is applied to calculate the specific enthalpy 
ℎ���,�� of the WF at the expander’s discharge. The power 𝑤̇𝑤�� generated by the expander is given by 
Equation (7), where 𝜂𝜂��,�� is the isentropic efficiency of the expander, and ℎ���,��,�� is the WF’s specific 
enthalpy corresponding to an isentropic expansion to 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐.      
 𝑤̇𝑤�� = 𝑚̇𝑚�� ∙ �ℎ��,��� − ℎ���,��� = 𝑚̇𝑚�� ∙ 𝜂𝜂��,�� ∙ �ℎ��,��� − ℎ���,��,��� (7) 

The required power 𝑤̇𝑤��,��� from the TFC pump is given by Equation (8), where 𝜂𝜂��,�� is the pump’s 
isentropic efficiency, and ℎ��,��,�� the specific enthalpy of the WF corresponding to an isentropic 
pumping to 𝑝𝑝��.  
 𝑤̇𝑤��,��� = 𝑚̇𝑚�� ∙ �ℎ��,�� − ℎ���,���� = 𝑚̇𝑚�� ∙ �ℎ��,��,�� − ℎ���,���� 𝜂𝜂��,���  (8) 

The heat rate 𝑄̇𝑄��� at the condenser is given by Equation (9), with ℎ���,��� the specific enthalpy of the 
WF at the outlet of the condenser.  
 𝑄̇𝑄��� = 𝑚̇𝑚�� ∙ �ℎ���,��� − ℎ���,��� (9) 
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The thermal efficiency 𝜂𝜂�� of the TFC is calculated by Equation (10), where 𝑤̇𝑤��,��� denotes the power 
absorbed by the HTF pump. 
 𝜂𝜂�� = 𝑤̇𝑤��� 𝑄̇𝑄��⁄ = �𝑤̇𝑤�� − 𝑤̇𝑤��,��� − 𝑤̇𝑤��,���� 𝑄̇𝑄��⁄  (10) 

 

Table 3: Modeling parameters of the TFC cycle 

𝑷𝑷𝑷𝑷𝒆𝒆𝒆𝒆 [oC] 𝑷𝑷𝑷𝑷𝒄𝒄𝒄𝒄𝒄𝒄 [oC] 𝜼𝜼𝒑𝒑𝒑𝒑,𝒊𝒊𝒊𝒊 [-] WF [-] CF [-] 𝜼𝜼𝒑𝒑𝒑𝒑,𝒉𝒉𝒉𝒉𝒉𝒉 [-] 𝜟𝜟𝜟𝜟𝒔𝒔𝒔𝒔𝒔𝒔  [oC] 𝜟𝜟𝜟𝜟𝑪𝑪𝑪𝑪 [oC] 
5 5 0.75 R245fa Water & Air 0.70 5 10 

The values of the TFC modeling parameters are compiled in Table 3. The values of the parameters are 
typical in power cycle modeling, and a sensitivity analysis, beyond the purpose of this work, should be 
undertaken to highlight their effect on the performance of the TFC. 𝛥𝛥𝛥𝛥��� and 𝜂𝜂��,��  are the total 
efficiency of the HTF pump, and the WF sub-cooling at the pump suction, respectively. 
TES 
The energy balance of the TES is expressed by Equation (11), where 𝛥𝛥𝛥𝛥��� is the temperature difference 
of water in the TES, and 𝑄̇𝑄��,��� the heat rate from the TES to the building for SH purposes. Moreover, 
𝛥𝛥𝛥𝛥��� is the time step for the simulations of the micro-CHP system, equal to 1 hr. Finally, 𝑚𝑚���,��� 
and 𝑐𝑐�,���,��� are the total mass and the specific heat of water in the TES, respectively. 
 𝑚𝑚���,��� ∙ 𝑐𝑐�,���,��� ∙ (𝛥𝛥𝑇𝑇��� 𝛥𝛥𝑡𝑡���⁄ ) = 𝑄̇𝑄��� − 𝑄̇𝑄��,��� (11) 

It must be noted that thermal losses from the TES to the ambient are neglected for this work. 
CHP 
The total SH demand 𝑄̇𝑄�� of the building within 𝛥𝛥𝛥𝛥��� is calculated by Equation (12), where 𝑄̇𝑄��,�� is 
the heat rate from the BB.   
 𝑄̇𝑄�� = 𝑄̇𝑄��,��� + 𝑄̇𝑄��,�� (12) 

By priority, 𝑄̇𝑄�� is covered by the TES. If its heat capacity is not sufficient at the beginning of the 
timestep, the BB acts as an auxiliary heat source. 
Performance indices 
The total solar energy conversion efficiency is given by Equation (13), 
 𝜂𝜂���,��� = 𝜂𝜂��� ∙ 𝜂𝜂�� = 𝑤̇𝑤��� (𝐴𝐴��� ∙ 𝐺𝐺�)⁄  (13) 

whereas the CHP efficiency 𝜂𝜂��� is calculated by Equation (14), where 𝜂𝜂�� is the efficiency of the BB, 
taken equal to 85% in this work. 
 

𝜂𝜂��� =
𝑤̇𝑤��� + 𝑄̇𝑄���

𝑄̇𝑄�� + 𝑄̇𝑄��,�� 𝜂𝜂��⁄
 

(14) 

Economic analysis 
Τhe capital investment 𝐶𝐶��� is calculated by Equation (15), 
 𝐶𝐶��� = 𝑠𝑠𝑠𝑠��� ∙ 𝑃𝑃��� + 𝑠𝑠𝑠𝑠��� ∙ 𝐴𝐴��� + 𝑠𝑠𝑠𝑠�� ∙ 𝑄̇𝑄��,��� + 𝐶𝐶��� (15) 

where 𝑠𝑠𝑠𝑠���, 𝑠𝑠𝑠𝑠���, and 𝑠𝑠𝑠𝑠�� are the specific investment costs for the TFC, the ETCs, and the BB, 
respectively. Moreover, 𝐶𝐶��� is the investment cost for the TES, given by Equation (16) (González-
Pino et al. 2020).  
 𝐶𝐶��� = 29.968 ∙ 𝑉𝑉���

�.���� (16) 
The 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, and 𝑃𝑃𝑃𝑃𝑃𝑃, given by Equations (17), (18), and (19), respectively, indices are 
utilized for a preliminary economics analysis. In Equations (17), (18), and (19) 𝑐𝑐𝑐𝑐�� and 𝑐𝑐𝑐𝑐�� represent 
the contribution of electricity and heat to the total cost of the micro-CHP system over its lifetime 𝑁𝑁��. 
Also, 𝑒𝑒�� and 𝑒𝑒�� denote the price of electricity and heating, respectively, for households in Greece. 
Moreover, 𝐸𝐸��� and 𝑄𝑄��� are the total electricity and heat produced annually by the unit (considered 
constant over 𝑁𝑁��). Finally, 𝐶𝐶���� is the total cost of biomass for the operation of the system in a year, 
𝑀𝑀 the, constant, annual maintenance cost, and 𝑟𝑟 is the interest rate. The values of the economic analysis 
parameters are listed in Table 4. 
 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑐𝑐𝑐𝑐�� ∙ �𝐶𝐶��� + �
𝑀𝑀 + 𝐶𝐶����

(1 + 𝑖𝑖)�

���

���

� � 𝐸𝐸���

���

���

�  
(17) 
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𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑐𝑐𝑐𝑐�� ∙ �𝐶𝐶��� + �

𝑀𝑀 + 𝐶𝐶����

(1 + 𝑖𝑖)�

���

���

� � 𝑄𝑄���

���

���

�  
(18) 

 𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐶𝐶���

𝐸𝐸��� ∙ 𝑒𝑒�� + 𝑄𝑄��� ∙ 𝑒𝑒�� − �𝑀𝑀 + 𝐶𝐶�����
 (19) 

 

Table 4: Parameters of the economic analysis 

𝒔𝒔𝒔𝒔𝒕𝒕𝒕𝒕𝒕𝒕 [€/kWel] 𝒔𝒔𝒔𝒔𝒄𝒄𝒄𝒄𝒄𝒄 [€/m2] 𝒔𝒔𝒔𝒔𝑩𝑩𝑩𝑩 [€/kWth] 𝑵𝑵𝒍𝒍𝒍𝒍 [yr] 𝒓𝒓 [%] 𝑴𝑴 [€] 𝒄𝒄𝒄𝒄𝒆𝒆𝒆𝒆 [-] 𝒄𝒄𝒄𝒄𝒕𝒕𝒕𝒕[-] 
2000~4000 200~400 900~1200 20 5 0.01 ∙ 𝐶𝐶��� 0.25 0.75 

 
5 RESULTS & DISCUSSION 

 
The hybrid micro-CHP system’s governing equations, along with the ones of the thermodynamic low-
order two-phase expansion model (Skiadopoulos et al. 2021), are integrated into a numerical model in 
the software environment of Matlab (R2022b). Three operational degrees of freedom are identified, i.e. 
𝑇𝑇�, 𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 and 𝑚̇𝑚���, by inspecting the governing equations. The target of the simulations is to maximize 
total efficiency at the current timestep, and not the optimization of the TFC sub-system. This implies 
that the TFC will operate at off-design and partial load conditions for long periods during the year. As 
a result, another primary target of this study is accomplished, which is the monitoring of the efficiency 
of the TFC under varying operating conditions. The performance optimization of the hybrid micro-CHP 
system is performed within Matlab, by applying a native genetic optimization algorithm, with 𝑇𝑇�, 𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 
and 𝑚̇𝑚��� constituting the optimization parameters. When the system operates in CHP mode, the target 
is to maximize 𝜂𝜂���, otherwise, the target of the simulations is to maximize 𝜂𝜂���,��� .  
TFC 

 
Figure 2: a) Optimal 𝑥𝑥��,�� and b) 𝜂𝜂�� of the TFC over the year. 

The optimal values of 𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖, and the obtained 𝜂𝜂𝑡𝑡ℎ of the TFC throughout the year are presented in Figure 
2. Higher values of 𝑥𝑥𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 maximize the efficiency of the TFC, because 𝜂𝜂��,�� improves as the amount 
of vapor at the suction port of the expander increases. Concerning 𝜂𝜂𝑡𝑡ℎ, values as high as 10.5% can be 
achieved, with an annual average 𝜂𝜂𝑡𝑡ℎ,𝑎𝑎𝑎𝑎 equal to 8.4%. The estimated values for 𝜂𝜂𝑡𝑡ℎ,𝑎𝑎𝑎𝑎 and maximum 
𝜂𝜂𝑡𝑡ℎ are within the range documented in the literature (7.5-13%) for micro-CHP systems with the ORC 
as the prime mover (González et al. 2015). However, a concrete conclusion concerning the 
competitiveness of the TFC against the ORC for micro-CHP systems will be reached when the two 
technologies are compared under the same operating conditions. 
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Micro-CHP Performance 

 
Figure 3: a) 𝜂𝜂���,���  over the year, and b) Average monthly and annual 𝜂𝜂���. 

The TFC and BB will operate in Athens for 2344 and 2495 hours, respectively. The values of 𝜂𝜂���,��� 
throughout the year, along with the average monthly and annual 𝜂𝜂��� are presented in Figure 3. The 
Solar-TFC subsystem of the micro-CHP can achieve an annual average value for 𝜂𝜂���,��� equal to 4.3%, 
higher than the one estimated (3%) for a small-scale Solar-ORC system in Athens with similar 
architecture (Soulis et al. 2022). The average 𝜂𝜂��� over the heating period is equal to 89.2%, with 
higher values observed as the BB’s contribution is decreased. The 𝜂𝜂��� values estimated herein are 
substantially higher than the ones reported for micro-CHP systems driven by an ORC (60-80%) 
(González et al. 2015). However, it must be mentioned that no heat losses toward the ambient, or 
pressure losses in the hydraulic circuits have been considered in the present work. 
The monthly and annual contributions of the TFC and BB in the coverage of the building’s SH demand, 
along with the contribution of the TFC in the electricity demand, are presented in Figure 4. The TFC 
can cover approximately 18% of the SH demand and 40% of the electricity demand over the year, 
highlighting the added value coming from the flexibility to operate the unit in TFC mode. 

 
Figure 4: Monthly and annual contribution of a) the TFC and the BB in the coverage of the SH demand, and b) 

the TFC in electricity demand coverage of the building. 

7th International Seminar on ORC Power Systems, September 4 – 6, 2023, Seville, Spain

115

Paper  ID #17, page 7 of 10

7



 
Paper ID: 17, Page 8 

 

7th International Seminar on ORC Power Systems, September 4 - 6, 2023, Seville, Spain 

Economic assessment 

 
Figure 5: a) 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, and b) 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 as a function of 𝐶𝐶���. 

A parametric economic assessment of the micro-CHP system is performed, with 𝐶𝐶��� the parameter. 
For this purpose, the upper and lower limits of 𝐶𝐶��� are calculated, based on the ranges of 𝑠𝑠𝑠𝑠���, 𝑠𝑠𝑠𝑠���, 
and 𝑠𝑠𝑠𝑠�� in Table 4. For the estimation of 𝐶𝐶����, wood pellets, with a lower heating value of 4.9 kWh/kg, 
and an average market price of 0.22€/kg, are considered. It is reckoned that approximately 22 tons of 
wood pellets are required to operate the micro-CHP system annually. It must be stressed that in a more 
elaborate economic analysis, the effect of the type and market price of biofuel must be considered. 
The values of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 as a function of 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 are plotted in Figure 5. Competitive values for 
heating and electricity are estimated, considering their current market prices in the EU, and the 
uncertainty in the price and availability of fossil fuels. These values can be further diminished by 
decreasing the specific investment costs of the equipment and by introducing financial incentives to 
assist the penetration of RES in the energy mix. 

 
Figure 6: 𝑃𝑃𝑃𝑃𝑃𝑃 for a) EU-27 average 𝑒𝑒��  and 𝑒𝑒�� prices in 2nd half of 2021, and b) EU-27 average 𝑒𝑒��  and 𝑒𝑒�� 

prices in 2nd half of 2022, as a function of 𝐶𝐶���. 

For the estimation of 𝑃𝑃𝑃𝑃𝑃𝑃, it is assumed that 𝑒𝑒ℎ𝑒𝑒 is equal to the price of natural gas that would be used 
for SH in the model residence if the micro-CHP unit was not installed. On the other hand, 𝑒𝑒𝑒𝑒𝑒𝑒 is equal 
to the electricity price of the power grid. Two different cases are examined for 𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑒𝑒ℎ𝑒𝑒 to illustrate 
the sensitivity of 𝑃𝑃𝑃𝑃𝑃𝑃 on market prices of energy. In the first scenario, 𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑒𝑒ℎ𝑒𝑒 are equal to the 
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average price of electricity and natural gas for the EU-27 in the second half of 2021 (𝑒𝑒𝑒𝑒𝑒𝑒= 0.13 €/kWhel 
and 𝑒𝑒ℎ𝑒𝑒= 0.06 €/kWhth), whereas, in the second scenario, the respective values for the second half of 
2022 are considered (𝑒𝑒𝑒𝑒𝑒𝑒= 0.24 €/kWhel and 𝑒𝑒ℎ𝑒𝑒= 0.10 €/kWhth). 𝑃𝑃𝑃𝑃𝑃𝑃 as a function of 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 for the two 
examined cases is plotted in Figure 6. Favorable values are obtained for 𝑃𝑃𝑃𝑃𝑃𝑃 when the current energy 
market prices are considered. However, if these prices drop substantially in the future, the economic 
viability of the modeled micro-CHP unit will be based on the reduction of 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 and the concurrent quest 
for more economical biofuels. 
 

6 CONCLUSIONS 
 
In the present work, the annual performance of a hybrid micro-CHP system with a TFC engine as the 
prime mover was simulated. The system is driven by solar energy and biomass, and it was sized to meet 
the annual SH demand of an average-sized multi-family building in Athens, Greece. Optimization 
simulations were undertaken to maximize the primary energy conversion efficiency throughout the year 
for all the selected operational modes. 
The numerical experiments indicated that the hybrid unit can achieve an average CHP efficiency of 
89.2% over the heating period, with higher values observed as the contribution of solar energy to the 
building’s energy mix increases. The TFC can cover 18% of the building’s annual SH demand, and 
40% of the annual electricity demand. The average annual solar energy conversion efficiency of the 
Solar-TFC subsystem reaches 4.3%, whereas the average annual, and maximum thermal efficiency of 
the TFC are 8.4% and 10.5%, respectively. In the simulations, particular attention was paid to the 
flashing phenomenon in the TFC expander, the main phenomenon affecting the TFC thermal efficiency, 
under varying operating conditions. It was pointed out that higher vapor qualities at the onset of two-
phase expansion ensure optimal operation of the two-phase expander. Competitive values, compared to 
current market energy prices, of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (0.21~0.28 €/kWhel) and 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (0.065~0.087 €/kWhth) were 
estimated. On the other hand, the 𝑃𝑃𝑃𝑃𝑃𝑃 values are more favorable when current prices of electricity and 
heating for households are considered.   
Concluding, it must be stressed that the presented herein model needs to be appended so that it can also 
model an ORC, to perform a detailed comparison between the TFC and the ORC as bottoming cycles 
for the modeled hybrid micro-CHP unit. This will be accomplished when the developed expander model 
is calibrated to model expansion in the dry vapor region as well. Also, different layouts, operational 
modes, and types of solar collectors must be examined, and the environmental impact of the unit has to 
be assessed.  
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This book contains the compilation of works contributed to the 7th International Se-
minar on Organic Rankine Cycle Power Systems (ORC 2023), held in Seville between 
the 4th and 6th of September 2023. The event was hosted by Universidad de Sevilla on 
behalf of the Knowledge Centre on Organic Rankine Cycle Technology (KCORC), in-
corporated in The Netherlands. 

The ORC conference, organized biennially, stems as the only conference that is specific 
to ORC technology, therefore gathering a diverse community whose affiliation spans 
across all the interested stakeholders, not only in this particular technology but also 
and in a broader context, in the energy transition. Original equipment manufacturers, 
professional associations, end-users, investors, policy makers, academics, scientists feel 
at home at ORC 2023. 

The almost 100 proceedings in this book cover a wide variety of topics, from fundamen-
tals to system integration through component design, accounting for thermodynamic 
performance as well as component design. In addition to this, and as a new track in 
2023, works on heat pump technology were also accepted in order to raise awareness of 
the strong ties between both technologies, specifically in energy storage applications. 

This book provides an excellent overview of the current maturity of power systems ba-
sed on Organic Rankine Cycle technology for applications as diverse as geothermal and 
waste heat recovery in industry or downstream of other prime movers (e.g., marine 
applications). It is also an excellent source of information to understand the current 
challenges faced by the technology, stemming from a very competitive market and in-
creasingly stringent environmental regulations. 

The organizers of ORC 2023 hope that the reader finds this work as exciting as the at-
tendees to the conference and, maybe, make the decision to join the 8th edition to the 
conference in 2025.

https://editorial.us.es
https://kcorc.org/
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