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A B S T R A C T   

Biomass makes a substantial contribution to Italy’s renewable energy mix. In 2018, 19,235 GWh of energy were 
created, continuing a trend that began three years earlier. Italy’s demand for biofuel is expected to reach 2.8 
million tonnes of oil equivalent by 2025 and remain constant until 2040. Biomass combustion frequently gen-
erates high temperatures (900–1000 ◦C), which justifies the construction of high-temperature heat recovery units 
such as steam Rankine or supercritical carbondioxide (SCO2) cycles. However, these methods are only 
economically practical on a medium to large scale. Small-scale units have high component costs because of the 
high specific volume of steam, while high turbomachinery costs mostly hamper small sCO2 systems. So, another 
alternative way is to use an organic Rankine cycle (ORC). This study uses thermodynamic analysis to determine 
how much power can be achieved in terms of energy, exergy, economy and what impact on sustainability is 
achieved at the Bologna ORC plant. From the study results, it was found that the Bologna unit has a capacity of 
150 kWe. When data was collected, the maximum power obtained was 85 kW at a temperature and pressure of 
153 ◦C and 1.84 MPa, respectively. Biomass-ORC investment is economically competitive, with NPV and LCOE 
values of 238 kE and 0.93 E/kWh, respectively, and a simple payback period of 24 years for residents with yearly 
energy needs of 2000 h.   

Introduction 

Italy is one of the largest electricity producing countries in Europe, 
around 10 % less than Germany and France. Currently, the use of 
renewable energy sources in Italy is greater (40.2 %) than the average 
for European Union (EU) countries (32.9 %) in 2018 [1]. 280 TWh was 
produced in Italy, while the remaining 43.9 TWh was imported from 
several neighboring countries. Italy was formerly energy-independent, 
but since the early 1980 s, demand has begun to outstrip output. The 
disparity has been relatively steady over the previous two decades. This 
was worsened by the impact of the Russia-Ukraine war since Italy 
heavily relied on Russian natural gas supplies in 2021, accounting for 
over 40 % of total gas imports (72.6 billion standard/m3). In 2022, Italy 
reduced its Russian gas imports by half (to 19 % of the total) while 
increasing exports threefold [2]. 

According to Terna, the Italian power grid operator, electricity 

consumption in 2022 was 317 TWh; as in 2021, national production 
covered 86.4 % of the need, with the remainder coming from imported 
electricity. Nonrenewable thermoelectric power generation climbed by 
7.9 %, accounting for 64.8 % of total output (48.8 % natural gas, 9.1 % 
solid fuels, and 6.9 % petroleum products and other fuels). Renewable 
electricity generation declined from 35.3 % to 30.6 %, accounting for 
approximately 19 % of total energy consumption. For the first time, due 
to lesser precipitation, solar-generated electricity equaled hydroelectric 
power (about 28 %). The remaining part came from wind (20.7 %), 
biomass (17.4 %), and geothermal (5.5 %). Electricity imports climbed 
by 1.8 %, while exports grew by 16.4 % [3]. Even though renewable 
energy sources from solar and wind are relatively high, these energy 
sources are greatly influenced by weather factors. Thus, the use of 
biomass becomes an alternative source of renewable energy. Biomass 
contributes significantly to Italy’s renewable energy contribution. In 
2016, biomass and waste-based energy output reached 19.378 TWh, up 
from 10.832 TWh in 2011. In 2018, 19,235 GWh of energy was 
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generated, following a consistent trend over the previous three years. 
Italy’s demand for biofuel is predicted to reach 2.8 million tonnes of oil 
equivalent in 2025 [4] and stay stable until 2040. 

Biomass refers to biodegradable products, waste, and leftovers from 
agriculture, forestry, and associated sectors and the biodegradable part 
of industrial and municipal waste [5]. Forest biomass accounts for 70 % 
of energy recovery feedstock. In contrast to the global trend, the area of 
European woods is steadily expanding. This makes European forest 
biomass a viable resource. Agricultural and waste biomass provides 30 
% of the total supply [6]. Therefore, In Italy, forests and woodlands 
occupy 110 x 103 km2, or 36.5 % of the national territory [7]. Only 18 % 
of the forest surface is planned or managed. These findings highlight 
forests as an underutilised resource. Using this potential amount in 
cogeneration facilities with a work capacity of 4000 h/y and acceptable 
efficiency can result in a potential power of 1900 MWel, with an extra 
electrical output of 7.5 TWh and thermal production of 30 TWh [8]. 

Biomass combustion often produces high temperatures (about 

900–1000 ◦C), justifying the development of units for high-temperature 
heat recovery such as steam Rankine or sCO2 cycles [9]. However, both 
systems are only economically feasible at medium to large scales. Small 
scale units have high component costs due to the high specific volume of 
steam, but tiny sCO2 systems are mainly penalised by high turboma-
chinery costs [10]. Furthermore, several researchers have studied the 
use of biomass not only as an electricity generator but as a hybrid [11] of 
gasification [12], solar [13], district heating and cooling for household 
or industrial use [14,15] and biofuel production [16]. Therefore, Gimeli 
and Luongo [17], investigated the issue thermodynamically and 
experimentally in a biomass power plant with a capacity of 2.3 MW, 
obtaining low plant efficiency due to the small size, biomass supply 
range, and continual fluctuation in the operating point. 

It has been mentioned above that the use of biomass ultimately re-
quires high temperatures and a large scale, which only some regions in 
Italy can afford. So, another alternative way is to use an organic Rankine 
cycle (ORC). ORC works based on the Rankine generator in general, and 

Nomenclature 

Cash Annual ash disposal cost 
Cbio Annual biomass consumption cost 
Ce Annual electricity net selling price 
Ch Annual heating net selling price 
CO&M Annual operational cost and maintenance 
Cp Specific heat at pressure constant (J/kg.K) 
Cncf annual revenues and operational costs 
CTCI system’s total capital investment 
ex Exergy specific (kJ/kg) 
ĖD Exergy destruction (kJ) 
ĖX Exergy (kJ) 
ĖXQ

in Exergy heat input (kJ) 
ĖXQ

out Exergy heat ouput (kJ) 
g Gravitational acceleration (9.8 m/s2) 
h Specific enthalpy (kJ/kg) 
i Intereset rate 
ln Logaritma natural 
ṁ Mass flow rate (kg/s) 
ṁw Mass flow rate of cooling water (kg/s) 
n Project lifettime 
P Pressure (Pa) 
Pcrit Critical pressure (MPa) 
P0 Pressure at dead state (MPa) 
Q̇ Heat (W) 
R Universal gas constant (8.3154 J/mol.K) 
s Specific entropy (kJ/kg.K) 
Ṡgen Rate of entropy generation 
T Temperature (◦C) 
T0 Temperature at dead state (oC) 
Th,i Temperature of heat input (oC) 
Th,o Temperature of heat output (◦C) 
V Velocity of fluid (m3/s) 
Ẇpump Work on pump (W) 
Ẇexpander Work on expander (W) 
Ẇnet Work net (W) 

Greek symbols 
β Influence coefficient 
γ Density 
€ Euro currency 
η Efficiency 
ψ Exergy efficiency 

Ʃ Summation 
v Degree thermodynamic perfection 

Subscripts 
ava available 
avg average 
bio biomass 
cond condenser 
crit critical 
evap evaporator 
ex exergy 
exp expander 
h heat 
in Inlet 
loss losses 
net netto 
out outlet 
pump pump 
thermal thermal 
use usable 
wf Working fluid 
0 dead state 

Abbreviation 
ASHRAE American Society of Heating Refrigerating and Air 

Conditioning Engineers 
EEF Environmental Effect Factor 
ESI Exergy Sustainability Index 
EU European Union 
EWR Exergy Waste Ratio 
GWP Global Warming Potential 
HHV High Heating Value 
HVAC Heating Ventilating and Air Conditioning Engineers 
LCOE Levelized Cost of Electricity 
LHV Low Heating Value 
NIST National Institute of Standard and Technology 
NPV Net Present Value 
ODP Ozone Depletion Point 
ORC Organic Rankine Cycle 
PCM Phase Change Material 
PV Photovoltaic 
SCO2 Supercritical Carbon dioxide 
SIC Specific Investment Cost 
SPB Simple Payback Period  
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the refrigerants or mixtures fluid is used as the working fluid that has a 
lower boiling point than water with low ODP and GWP. So, generating 
electricity on a small scale at lower temperatures (>200 ◦C) and using 
residual biomass is very possible. Moreover, some components of ORC 
generation may use HVAC or chiller components. Furthermore, many 
researchers have studied and developed ORC systems from various 
alternative heat sources such as solar [18–21], geothermal brine 
[22,23], industrial or residual heat. 

Based on ORC map.org [24], 430 projects or 330 GW of biomass-ORC 
capacity spread worldwide have been installed over the last 15 years. 
Meanwhile, the most significant number of biomass-ORC projects are on 
the European continent, and the largest country is Italy, with 23 pro-
jects. However, for installed capacity, Germany ranks first with 125 
GWe. 

Few studies have explored using ORC to recover heat from biomass 
combustion waste at mid to high temperatures. Georgousopoulos et al. 
[25] evaluated the thermodynamics and economics of combining an 
ORC with an integrated gasification cycle to optimise waste heat re-
covery across three scenarios. Zeotropic mixes were the most effective 
working fluid across all three conditions. The proposed systems have a 
levelized cost of electricity ranging from 35.42 to 35.67 EUR/MWh. 
Zhang et al. [26] investigated the thermodynamic performance of ORC 
combined with waste heat recovery from the Rankine, Brayton, and 

thermoelectric generators. Under five operational situations, we tested 
R123, R245, and R600 organic fluids. The DORC design was the most 
efficient when used with the R123, resulting in net output, thermal, and 
exergy efficiencies of 32.63 kW, 26.55 %, and 54.36 %. Moharamian 
et al. [27] conducted thermodynamic and exergoeconomic analyses of 
ORC in combination with biomass-integrated co-firing and post-firing 
technologies, which use a combination of natural gas and biomass as 
feedstock, as well as externally fired technology that only uses biomass. 
After testing several fluids, including R141b, R123, n-Pentane, 
HFE7000, and water, researchers found that R141b has the highest 
thermal and exergy efficiencies but is the least cost-effective option. 
Oyekale et al. [28] investigated the cost-effectiveness of retrofitting 
biomass in hybrid CSP-Biomass ORC power plants, both in constant and 
modular modes. The study focused on an operational CSP-ORP instal-
lation in Ottana, Itlay, comprising linear Fresnel collectors, two thermal 
oil storage tanks, and a 630 kW ORC unit. The study found that retro-
fitting with biomass improves electrical efficiency by 5 % and can boost 
operational hours by up to 3500. The proposed technique has a payback 
period of 1.4 years, with an LCOE of 109 GBP/MWh and a net present 
value of GBP 1.83 million. 

Many researchers have optimized and improved the performance of 
ORCs in many applications. ORCs have been extensively explored for 
their thermodynamic, economic, and environmental benefits in recov-
ering waste heat from diverse operations. So, in this paper, we report an 
experimental ORC study based on the existing biomass-ORC through 
energy, exergy, environmental and economy (4E) analysis. 

Methodology 

System description 

Fig. 1 shows the biomass-ORC is in 4052 Baricella (Latitude: N 44◦

38′ 33.076″, Longitude: W 11◦ 31′ 23.162″), the region is 15 km from the 
city of Bologna, Italy. The capacity of the plant is 150 kWe using R134a 
working fluid. The temperature and pressure from wood waste com-
bustion are around 160–180 ◦C with 11–12 bar, respectively. This study 
used Microsoft Excel combined with NIST Refprop to carry out calcu-
lations assisted by Unisim software as a comparison application. 

Figs. 2 and 3 are diagrams of the ORC cycle using a regenerator and 
T-s diagram of the biomass-ORC process represented by R134a working 

Fig. 1. Location of Baricella Biomass-ORC Plant.  

Fig. 2. The simple schematic diagram of biomass-ORC plant.  
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fluid, respectively.Hot steam (7) from the Biomass combustion chamber 
enters the evaporator to transfer heat to the working fluid so that the 
supercritical phase, with high appropriate pressure and temperature, 
can enter the expander (4) and produce the appropriate power. The 
resulting expansion in the expander causes a decrease in pressure and 
temperature sufficient to preheat the regenerator section (5) so that the 
work in the evaporator is not too heavy. From the regenerator (6), the 
working fluid enters an air-cooled condenser to cool and change the 
phase of the working fluid to a saturated liquid. Hopefully, it becomes a 
subcooled liquid when it enters the pump (6). The pump is a plunger 
piston type, capable of increasing the working fluid pressure to 4–5 MPa. 

It enters the regenerator (5) to obtain initial heat from the expansion, 
which results in the expander. 

Unisim calculates the physical and chemical characteristics of all 
programme components based on given pressure and temperature pa-
rameters. In addition, additional assumptions are used to simplify the 
calculation models, which are as follows [29,30]: 1) The suggested 
system functions under steady-state circumstances, 2) Air and flue gas 
are considered ideal gases, 3) Neglecting pressure losses in components 
and pipe lines, 3) the compressor, expander, and pump have constant 
isentropic efficiencies, 4) The mass flow rate for biomass remains 

Fig. 3. The process statement of biomass-ORC using R134a.  

Table 1 
The properties of R134a [31].  

Property unit value 

Critical density (ρcritical) Kg/m3 511.9 
Critical temperature (Tcritical) ◦C 101.6 
Boiling temperature at 1 atm (Tboiling) ◦C − 26.3 
Critical pressure (Pcritical) MPa 4.0593 
ODP − 0 
GWP − 1300 
Toxity − n.a 
ASHRAE class − A1 
Molar mass kg/mol 102.032  

Table 2 
Physical and chemical properties of woodwaste [32].  

Analysis Biomass content unit value 

Ultimate analysis Carbon %  50.56  
Hydrogen %  6.70  
Nitrogen %  0.16  
Sulfur %  0.20  
Oxygen %  42.51  
Chlorin %  0.002 

Approximate analysis Volatile matter content %  81.81  
Ash %  0.36  
Fixed carbon %  17.83  
LHV kJ/kg  19.74  
HHV kJ/kg  19.40  

Table 3 
Breakdown of purchased components of ORC.  

Components Cost Cost function reffs 

Biomass boiler Cboiler = 1600(ṁbiomass × 0.9 × 3600)0.67 
[40] 

ORC expander CORCexp = 6000W0.7
ORCexp [40] 

ORC pump CORCpump = 3540W0.71
ORCpump [41] 

ORC evaporator CORCevap = 309.14
(
AORCevap

)
+ 293.15 [41] 

ORC regenerator CORCreg = 1.3
(
190 + AORCreg

)

[41] 
air condenser CORCcond = 1397A0.89

ORCond [42] 
Working fluid Cwf = 25 ṁfluid [42]  

Table 4 
Break down of non-purchased components [43,44].  

Non-component cost % PEC 

Purchased equipment installation 30 
Piping 20 
Instrumentation and controls 10 
Electrical equipment and materials 10 
Structural work 15 
Engineering and supervision 25 
Contingencies 20 
Startup and working capital 20 
Sum 150  
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constant. Therefore, Table 1 and 2 shows the properties of R134a and 
woodwaste for biomass combustion, respectively. The R134a working 
fluid was chosen because it has a low boiling point and is environmen-
tally friendly based on the ODP and GWP values. Not only that, R134a is 
available on the market and has a price that tends to be cheap compared 
to other working fluids. Meanwhile, the selection of wood waste has 
been explained in the introduction based on the raw materials available 
in Italy, which are pretty abundant. 

Energy, exergy and exergy sustainability 
The first and second law of thermodynamics should be applied to 

determine the performance of the ORC. The energy equilibrium equa-
tion may be used to calculate the quantity of work generated and the 
heat required by the ORC. The formula for each component are as fol-
lows [33]: 

Process 1–2, pump: 

Ẇpump =
ṁ(h1 − h2)

ηpump
, (1)  

Process 2–3, regenerator: 

Q̇reg = ṁ(h2 − h3), (2)  

Process 3–4, evaporator: 

Q̇evap = ṁ(h4 − h3), (3)  

Process 4–5, expander: 

Ẇexp = ṁ(h4 − h5)ηexp, (4)  

Process 6–1, condenser: 

Q̇cond = ṁ(h6 − h1), (5)  

The net power output of biomass-ORC can be evaluated through the 
following equation: 

Ẇnet = Ẇexp − Ẇpump (6)  

Meanwhile, the thermal efficiency is as follows: 

ηthermal =
Ẇnet

Q̇evap
=

Ẇexp − Ẇpump

Q̇evap
, (7)  

Then, the Eq. (8) for calculating the biomass mass flowrate in the 
evaporator: 

ṁbio =
Q̇evap

ηglobalLHVbio
(8)  

where ṁbio is the biomass mass flowrate (kg/s), ηglobal is the global ef-
ficiency of the boiler (%); LHVbio is the low heating value of biomass (kJ) 
and the value is obtain from Table2. 

Furthermore, an exergy balance for the biomass-ORC system is per-
formed to assess total energy in terms of the first and second thermo-
dynamic principles. In a steady state condition, exergy balancing may be 
described as follows: i is the rate of exergy destruction, ṁex is the exergy 
of working fluid mass flow, ĖXQ

in is the input exergy and ĖXQ
out is the work 

output, and Ṡgen represents the rate of entropy creation. Eqs. (9) and (10) 

Table 5 
Base-case economic assumptions.  

Parameter Value 

Electricity selling price 95 €/MWhe [45] 
Ash disposal cost 60 €/tn of ash [46] 
Project lifetime (n) 25 years [46] 
Annual operation and maintenance 2 % of TCI [47] 
Interest rate (i) 7 % [47] 
Biomass fuel cost (waste wood) per wet ton 50 €/tn [46] 
Biomass consumption 1500 tn/year [46] 
Heat selling price 100 €/MWh [48] 
Construction  2 years  

Table 6 
Main parameter and assumption.  

Parameter Unit Value 

Pcond MPa 0.43 
Tcooling 

◦C 5.1 
Pinch point ◦C 10 
Treg 

◦C 73.6 
Tsubcooling 

◦C Calculated 
Pevap Mpa 1.84 
Texpander 

◦C 153 
Wexpander kW 85 (calculated) 
Wpump kW 4.8 (calculated) 
ηexpander % 70 
ηpump % 65 
ṁ kg/s 2  

Table 7 
Comparing results of actual condition vs Unisim.  

Parameter Unit Actual Unisim Difference (%) 

Pcond MPa 0.43 0.45 4.44 
Tcooling 

◦C 5.1 5.1 0 
Treg 

◦C 73.6 74.54 1.28 
Pevap Mpa 1.84 1.87 1.09 
Texpander 

◦C 153 155 1.31 
Wexpander kW 85 85.3 0.35 
Wpump kW 4.8 3 4.25  

Fig. 4. Heat profile in biomass-ORC components: a) regenerator, b) evaporator.  
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express the thermomechanical exergy flow [34]: 

i =
∑

in
ṁex −

∑

out
ṁex − ĖXQ

in − ĖXQ
out = T0Ṡgen (9)  

ex = h − h0 − T0(s − so) (10)  

where h0 is the specific enthalpy (kJ/kg) and s0 is the spesific entropy 
(kJ/kg.K) at dead state pressure and temperature (P0, T0), which are 
0.101325 Mpa (1 atm) and 5 ◦C, respectively. 

ψ system =

∑
ẆORC

ĖXin
(11)  

where ψ system is the exergy efficiency of the system, it can be determine 
by eq. (11) [35]. Ėxin is the inlet exergy is interpreted by eq. (14), As a 
result, the exergy destruction for each ORC component is indicated 
below: 

Process 1–2, pump: 

Ẇpump = ĖX1 ˙− EX2 + ĖD pump, (12) 

Fig. 5. The performance of Wexpander vs Temperature inlet expander in different variable: a) mass flow rate, b) isentropic efficiency, c) evaporator pressure.  
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Process 2–3, regenerator: 

ĖD reg = ĖX2 + ĖX2 − ĖX3 − ĖX6, (13)  

Process 3–4, evaporator: 

ĖD evap =

(

1 −
T0

Tin

)

Qin + ĖX3 − ĖX4, (14)  

Process 4–5, expander: 

ĖD exp = ĖX4 − ĖX5 − Ẇexp, (15)  

Process 6–1, condenser: 

ĖD cond = ĖX6 − ĖX1 − Q̇cond, (16)  

ĖD expander, ĖD cond, ĖD evap, ĖDpump, ĖD reg are represent the destruction of 
exergy in the expander, condenser, pump, evaporator, and regenerator, 
respectively. Exergy analysis may improve economic and environmental 
performance by determining how much energy quality is accessible in 
biomass-ORC system. Furthermore, this study use the exergy function to 
measure the sustainability of a mechanism and system. It is also known 
as the exergy sustainability index (ESI) among academics. Among other 
things, ESI is a reliable indicator. Eqs. (17)–(20) access the degree of 
sustainability and may be determined from the related exergy balancing 
eqs for each cycle and study of ESI [36]. 

Exergy waste ratio (EWR): 

EWR =

∑
ĖXwaste

∑
ĖXinput

=

∑
Ėdestroyed

∑
ĖXinput

; (17) 

Exergy efficiency: 

ψoverall =
ĖXout

ĖXin
; (18)  

Environmental effect factor (EEF): 

EEF =
EWR
ψoverall

(19) 

Exergy sustainability index (ESI): 

ESI =
1

EEF
. (20)  

This analysis is conduct with some presumptions: 1) steady state, 2) heat 
losses and pressure drop in component systems are neglected, 3) inlet 
expander temperature was based on a variation of Tc,o, 4) the cooling 
water temperature is set at 25 ◦C, 5) the pump and expander isentropic 
efficiency was set at 65 % and 70 %, respectively, 6) the exergy of hot 
water from the evaporator and the exergy of cooling water that entering 
and leaving a condenser are neglible. 

Economy analysis 

Thermoeconomics seeks to determine the cost formation process of 
internal flows and ultimate products in energy systems and process 
plants [37]. This allows for a more accurate assessment of the various 
production possibilities and a better knowledge of the internal economic 
processes that occur during the production process. The word ther-
moeconomics refers to a mix of thermodynamic and economic analysis. 
Exergoeconomics is distinguished by the specific application of exergy 
in thermodynamic analysis. As a result, thermoeconomics, as a more 
broad term, can be used in place of exergoeconomics, but not vice versa 
[38]. The proposed approach incorporates energy into thermodynamic 
analysis and reflects the unit costs of flows in an energy base. There were 
two key reasons for using energy rather than exergy in the computations. 
First, unit charges in terms of energy are the most common billing sys-
tem viewed by final customers, who will ultimately decide whether or 
not to employ the solar plant’s energy services (consumers pay per unit 
of energy consumed). Second, there is no cost allocation (each compo-
nent has a single product flow) [39]. 

Thee economic indicators used in the analysis are Simple Pay Back 
(SPB), Net Present Value (NPV), and levelized cost of electricity (LCOE) 
(Eqs. (21)–(23). 

Fig. 5. (continued). 
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SPB =
CTCI

Cncf
(21)  

NPV = − (CTCI)+
∑N

i=1
Cncf (1 + i)− t (22)  

LCOE =

CTCI
1− (1+i)− n + (Cbio + Cash + CO&M)

Ee,a
(23)  

where CTCI represent the system’s total capital investment, to calculate 
it, add the beginning costs of the system’s components, as stated in Eq. 
(24) and Table 3 shows the breakdown cost equations of each compo-
nents for ORC system. Cncf is the system’s annual economic savings, 
determined by adding annual revenues and operational costs (Eq. (25)). 

CTCI = CBoiler +1.5CORC,PEC (24)  

Cncf = (Ce + Ch) − (Cbio + Cash + CO&M) (25)  

where Ce,Ch,Cbio,Cash,CO&M is annual selling electricity cost, annual 
selling heating cost, annual biomass consumption, annual disposal ash, 
and annual cost operational and maintenance, respectivelly. Several 
approaches are used in the literature to calculate the entire cost of ORC 
systems based on the acquired equipment cost, taking into account extra 
expenses like as installation labour, piping, instrumentation and con-

trols, electrical equipment, structural work, engineering, and supervi-
sion. In the current analysis, the assumed split of these expenses is 
provided in Table 4. 

The particular investment cost (€/kWe), which expresses the in-
vestment cost per unit of installed electrical capacity, is thus defined as 
the following equation: 

SIC =
CTCI

Wnet,plant
(26) 

The economic assumptions are summarized in Table 5. The price of 
biomass is an important factor in determining the investment’s cost- 
effectiveness. However, its value is highly unknown because it is 
determined by a variety of global and local factors, including the type 
and quality of biomass, availability, supply and demand, internationally 
and nationally adopted bioenergy legislation, supply chains, and so on. 

The EU has a number of assistance schemes in place to encourage the 
use of biomass to generate electricity. According to existing feed-in-tariff 
schemes, power selling prices from solid biomass vary in different EU 
member states from a minimum of 81.2 €/MWhe (Slovakia) to up to 198 
€/MWhe (Italy), with the majority falling between 90 and 120 €/MWhe 
[45]. The selling price of energy is determined by national regulation. It 
may vary depending on the plant’s power capacity and scope, with 
smaller plants and combined heat and power units being more heavily 
incentivized. As a result, in the current work, a base-case value of 120 
€/MWhe is assumed. This analysis estimates a base-case value of 0.065 

Fig. 6. The performance of ƞthermal vs temperature inlet expander in different variable: a) mass flow rate, b) isentropic efficiency, c) evaporator pressure.  
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Fig. 7. Exergy performance of biomass-ORC: a) temperature inlet expander, b) components exergy destruction, c) exergy efficiency of each components.  

Fig. 8. Exergy sustainability indicators.  
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€/kWh. 

Results and discussion 

This chapter will discuss the study results of the parametric analysis, 
energy, optimization and exergy calculations from the biomass-ORC 
analysis using the equations in the previous chapter and include the 
several literatures to strengthen the results of the analysis. Table 6 shows 
the main parameter and assumption that used in this study. 

Model validation 

After each component has been correctly modelled and merged into a 
unified system capable of iteration, the analysis tool’s final schematic 
diagram is generated. The cooling tower and condenser’s condition 
determines whether or not the two pieces of equipment can operate 
correctly. Once the biomass-ORC system model is operational, check the 
data from the modelling findings and the system’s actual operating 
circumstances, as stated in Table 7. The modelling settings show a sig-
nificant variance in pump power and regenerator temperature, with 1 
and 2 % differences, respectively. There is quite a large difference in 
pump power and condenser evaporator, with 4 % differences error, 
respectively. This is because several parameters are not known in actual 
conditions, such as the properties of moist air, the size of the air 
condenser and regenerator sizing, which can affect the temperature of 
the working fluid that enters the pump and that will be heated in the 
regenerator. To simplify the system performance simulation in the 
current study, the assumptions are as follows: 1) The process from the 
producing biomass stream to the ORC plant functions under steady-state 
condition. (2) The biomass stream is considered to be pure water for 
calculating thermodynamic characteristics. 3) The biomass-ORC plant 
neglected the pressure drop, heat loss, and changes in kinetic and po-
tential energy. 4) The composition of the working fluids and mixes re-
mains constant during operation. 5) The temperature dead state (T0) and 
pressure dead state (P0) in the Bologna biomass-ORC field are 5 ◦C and 1 
atm. 

Fig. 4 is a profile of the heat exchanger (regenerator and evaporator) 
used in the biomass-ORC plant in Bologna. It can be seen in Fig. 4a, 
where the regenerator plays a role in the initial heating due to heat 
transfer flow from the expansion of the expander (green line) so that the 

working fluid from the pump (yellow line) can be heated until the 
temperature increases ~ 50 ◦C with the heat of 220 kW so that the 
condenser load to cool the working fluid is not excessive. Next, Fig. 4 b 
shows the heat transfer from the biomass stream (green line) and 
working fluid (yellow line) in the evaporator, where the working fluid 
from the regenerator can be heated to 155 ◦C with a heat supply of 620 
kW. So that the temperature and heat possessed by the working fluid are 
sufficient to rotate the expander and produce electricity. 

Parametric analysis 

Fig. 5 shows the performance of the Wexpander against increasing 
temperature with different variables (mass flow rate, isentropic effi-
ciency, and evaporator pressure). Fig. 5a shows the difference in mass 
flow rate (1–5 kg/s) and temperature rise (145–155 ◦C) on the size of the 
Wexpander. We can see that the greater the mass flow rate, the greater the 
power produced, assuming that the pipe sizing follows a significant mass 
flow rate so that a mass flow rate of 5 kg/s produces the largest Wexpander 
(171.5 kW) in the same evaporator temperature range (155 ◦C). The 
significant increase in Wexpander is shown in Fig. 5b, where the isentropic 
efficiency increases (0.7–0.9) in both pumps and expanders. The isen-
tropic efficiency increase in components results in minor losses pro-
duced by the components, so energy conversion isoptimal. Using the 
isentropic efficiency assumption of 0.9 results in an expander size of 
70.43 kW in the same temperature range. On the other hand, Fig. 5c 
shows the difference in evaporator pressure (1.72–1.87 MPa) as the 
resulting Wexpander increases, where the smallest evaporator pressure 
value (1.72 MPa) produces the largest Wexpander (87.1 kW) in the same 
temperature range. This is because the power required by the pump is 
smaller (3.23 kW), and the heat produced by the evaporator is more 
optimal (225.5 kW) to produce greater enthalpy for use by the expander 
in the same temperature range. 

Similar results are shown in Fig. 6, where there is an increase in 
temperature on the thermal efficiency of biomass-ORC. In Fig. 6a, 
changes in mass flow rate (1–5 kg/s) do not significantly affect efficiency 
because the difference in net power is only affected by the increase in 
temperature. This differs from isentropic efficiency, where the differ-
ence between Wnet and evaporator heat is greatly influenced by isen-
tropic efficiency. So, the highest isentropic efficiency value (0.9) 
produces the highest thermal efficiency (37.4 %) at the same tempera-
ture. The thermal efficiency results in Fig. 6c produce the same trend as 
Fig. 5c, where the lowest evaporator pressure (1.72 MPa) produces the 
highest thermal efficiency with a value of 37.2 %. 

In the analysis results in Fig. 5a and 6a, increasing the mass flow rate 
only has a significant effect on expander power but tends to stagna-
te on the efficiency of the ORC system. This was experienced by research 
by Soltani et al. [49], where increasing the mass flow -
rate typically enhances all extensive outputs, which is expected as a 
result of increased power generation. While, varying the fuel mass flow 
rate has no effect on system’s efficiency (since only capacity increases). 
Meanwhile, research by Korelas et al. [50] confirms the results of the 
increase in expander power and system efficiency as the expander inlet 
temperature increases (Fig. 5c and 6c). It shows that lower pressure at 
high temperatures produces the highest expander power in biomass- 
ORC generation. 

Exergy performance 

This subchapter will discuss the effect of exergy on the system and its 
components. Fig. 7a shows the decrease in destruction exergy and sys-
tem exergy efficiency as the expander inlet temperature increases, 
where the highest temperature (155 ◦C) produces the lowest destruction 
exergy and efficiency exergy with amounts of 71.54 kW and 8.9 %, 
respectively. Meanwhile, the highest exergy damage experienced by 
each component is the evaporator, and the lowest is the pump, with 
values of 24.76 and 1.2 kW, respectively as shown in Fig. 7b. The 

Table 8 
Component’s invesments cost.  

Components Investment cost 

Boiler (k€) 1,684 
Expander (k€) 135 
Pump (k€) 9.2 
Evaporator (k€) 18.9 
Regenerator (k€) 24.6 
Air-cooled condenser (k€) 40.4 
Working fluid (€) 75 
O&M (k€) 38.2 
Ce (k€/year) 28.5 
Ch (k€/year) 169.4 
Cbio (k€/year) 75 
Cncf (k€) 84.4  

Table 9 
Annual economic biomass-ORC plant.  

Parameter Present value Value [44] 

CTCI (k€) 2025 1224 
SICPlant (k€/kWe) 13.5 13.9 
SICORC (k€/kWe) 2.3 2.4 
NPV (k€) 238 259 
SPB (years) 24 20 
LCOE (€/kWh) 0.93 0.91  
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evaporator is also the most significant exergy-contributing component 
compared to other components, around 33.84 %, which can be seen in 
Fig. 7c. This is very natural because the evaporator is the component 
where heat exchange between the biomass heat source and the working 
fluid occurs, and an increase in entropy due to non-optimal heat con-
version often occurs. In some literature, the exergy destruction value of 
the evaporator is very high, but this is minimized by a regenerator, 
which utilizes the heat from the expansion in the expander so that it is 
not directly cooled by the condenser so that the cooling load can be 
reduced. 

Environmental analysis 

Fig. 8 depicts the exergy sustainability of each working fluid, as 
indicated by numerical parameters such as exergy waste ratio (EWR), 
environmental effect factor (EEF), and exergy sustainability index (ESI), 
as well as two benchmarks for comparison. EWR is the ratio of overall 
waste exergy to overall input exergy, and according to the computation, 
practically all working fluids have almost the same EWR value, ranging 
from 0.25 to 0.85, with R134a having the highest EWR value of 0.843 
and R143a having the lowest EWR value of 0.27 [22]. The EWR value is 
relatively minor in comparison to the studies done by Aydin [36] on the 
turbine component and Abam et al. [51] with the working fluid R245fa, 
which generate EWR values of 0.65 and 0.75, respectively. 

Another indicator is the environmental effect factor, it may indicate 
the system’s environmental harm caused by waste exergy destruction 
[51]. Fig. 8 displays the EEF values of each working fluid, with Propane 
having the highest EEF value of R143a [22], followed by R245fa [51], 
R134a with EEF values of 1.98, 1.83, and 1.02, respectively. R134a, on 
the other hand, had the lowest EEF value among working fluids and was 
regarded as more sustainable. The R134a had a lower environmental 
impact than other working fluids. As the last review, ESI is a degree of 
sustainability that serves as a supplement to the EEF [36]. Fig. 8 shows 
that R134a had the highest ESI value of 0.98. These values are relatively 
minor compared to Aydin [36] and Abam et al. [51], who had ESI values 
of 0.651 and 0.491, respectively. 

Economic analysis 

This section discusses the crucial findings from the case study sys-
tem’s economic analysis. Table 7 shows investment costs for the sys-
tem’s components. The total investment cost (CTCI) is the sum of the 
individual system’s components. While, Table 8 shows the annual eco-
nomic analysis of the system including SIC, NPV, SPP, and LCOE. 

Both tables are produced assuming the maximum power and tem-
perature are 150 kWe and 160 ◦C, respectively. We can see from Table 8 
that the highest costs of a biomass-based ORC generator are the com-
ponents of processing biomass into fuel, where investment costs can be 
more than 60 % of the total investment in all biomass-ORC plants. 
Meanwhile, the cost of the ORC itself is the most expensive, namely the 
expander component, which is 135 k€. Because the expander or turbine 
components for the ORC generator have yet to be made en masse and in 
the conditions of the biomass-ORC field, they use components from 
scroll-type compressors, which are converted into the desired expander. 
Can cut investment costs. Meanwhile, TCTI and Cnf are obtained from 
Eqs. (20) and (21) with the assumption that the average selling price of 
heating and electricity for the last three years is around 80–100 €/MWh 
and with biomass consumption of 1500 tons/year and assuming resi-
dential use of up to 2000 hr/year. So from these parameters, we get SIC, 
NPV and LCOE of 13.5 k€/kWe, 238 k€/year and 0.93 €/kWh, respec-
tively (Table 9). This mean that investment in ORC with biomass is quite 
significant compared to conventional nuclear and coal fuel plants. 
Moreover, from the calculation results, SPB from biomass-ORC invest-
ment can be achieved in 26–27 years, assuming constant inflation. If we 
look at similar research conducted by Braimakis et al. [44] using 
cyclopentane working fluid, his simulation produces power and 

efficiency of around 88 kWe and 8.1 %, respectively. Table 8 shows 
several differences between the annual biomass-ORC economic calcu-
lations. This can be based on making different assumptions regarding 
component prices, net electricity selling prices, biomass prices, and 
annual energy usage hours. 

Conclusion 

A thermodynamic analysis was carried out to confirm how much 
power the Bologna ORC plant can get using biomass fuel. The study 
results found that under current conditions, only 85 kW can be gener-
ated by the site compared to the planned capacity (150 kWe). From the 
results of the optimization analysis, it was found that to obtain clean 
power and optimum system thermal efficiency of 149.56 kW and 13.77 
%, a mass flowrate of 4.5 kg/s was required, an evaporator pressure of 
1.84 MPa, a condenser pressure of 0.4 MPa and an expander inlet 
temperature of 152 ◦C. From the results of the exergy analysis, it was 
found that the evaporator and expander were the components that 
produced exergy damage to the system, with exergy damage rates of 
33.84 % and 25.35 %, respectively. Furthermore, at a temperature of 
155 ◦C, the results of the exergy sustainability indicators EWR, EEF, and 
ESI produce pretty good values, namely around 0.83, 1.05, and 0.89, 
respectively, which means that the Bologna biomass-ORC plant is quite 
feasible, environmentally friendly and has high sustainability index. 
Moreover, In terms of economic analysis, biomass-ORC investment is a 
reneable energy generation that is quite competitive, as seen from the 
NPV and LCOE values of 238 k€ and 0.93 €/kWh and a simple payback 
period of 24 years, assuming the resident’s annual energy needs reach 
2000 h/year. 
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