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Abstract. Energy and economic performance of an organic Rankine cycle 
(ORC) system designed to recycle waste heat of a steam boiler was 
analysed. Optimisation of ORC system was performed by using the Cycle-
Tempo software and the REFPROP program. The selected working fluid 
was R245fa. For the exhaust gases temperature of 163°C and mass flow 
rate of 11.83 kg/s, cooling water temperature of 20°C resulted a gross 
efficiency of 21.02% and a cost of 2987 €/kW, an electricity levelised cost 
of 102 €/kWh and a payback period of 5.5 years.  

1 Introduction 

Reducing fossil fuel consumption and environmental pollution can be achieved by using 
renewable energy sources and by recovering waste heat from energy conversion processes. 
Waste heat can be recovered by using various technologies, such as: ORC, Kalina cycle, 
Goswami cycle, absorption refrigeration and heat pumps. 

Since it was invented, in the 19th century, the steam boiler has known a continuous 
development, being found in all industries (food processing, chemicals, petroleum refining, 
pulp and paper, etc.). In the USA, steam boilers are responsible for burning about 37% of 
the fossil fuel consumed in industry [1]. Given the widespread use and appreciable 
consumption of fuels, the attention of specialists has been drawn to the increasing energy 
efficiency of steam boilers [2 - 6]. The thermal efficiency of steam boiler is greatly affected 
by the heat loss with the exhausted gases (probably the greatest heat loss). The exhaust 
gases from steam boilers have quite high temperatures, between 170°C and 120°C, 
depending on the fuel burnt, in order to minimize the risk of corrosion and to ensure the 
dispersion of the flue gas at a height as high as possible. For heat recovery from exhaust 
gases from boilers are used ORC [7] and Kalina cycle [8, 9] to generate electrical energy, 
absorption refrigeration [10] for cooling and heat pumps to generate heat energy [11-13]. 

In [7] is reported a thermal efficiency of 14.82% of an ORC system with R123 as 
working fluid that recovers heat from the exhaust gases from a boiler by cooling them from 
135°C to 110°C (29.26 MW), the condensation temperature being 30°C. 

Paper [8] presents the study on an ORC system used to recover the heat from exhaust 
gases from a steam boiler with a maximum gross efficiency of 18.8%, by cooling them 
from 180°C to 130°C (2.3 MW) and by using cooling water with temperature of 5°C. 
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Heat recovery from exhaust gases from a boiler to generate electricity can be performed 
also by using Kalina cycle which can reach an efficiency of 14.78% by cooling them from 
160°C to 105°C [10]. 

To generate electricity from low-temperature energy sources available at temperatures 
of (80-150)°C, the ORC systems are recommended [14]. Although ORC systems are a 
mature technology, their use is limited, mainly due to the fact that potential investors and 
users do not recognise the ability of these systems to conserve energy [15]. The efficiency, 
size and cost of an ORC system depend primarily on the working fluid, which is chosen 
according to the temperature of the heat source, and then on the evaporation temperature, 
condensation temperature and system configuration. There are many studies on 
working fluid selection for a particular application [14, 16-18]. In addition to the 
type of application and the temperature of the heat source, the selection of working fluid 
also takes into account the following: the auto-ignition temperature, which must be much 
higher than the maximum working temperature of the fluid; the enthalpy drop in the 
expander must be as large as possible to minimize fluid flow to the pump; in the T-s 
diagram, the inclination of the saturation curve must be as close as possible to the 
isentropic curves in order to avoid overheating; ODP and GWP to be minimal; fluid 
cost to be reduced; the critical temperature should be reduced because the vapour 
density is higher at lower temperatures. There is no fluid that meets all the criteria 
(environmental: ODP, GWP, flammability, toxicity; safety; physical and chemical 
properties; economic). The selection is finally made taking into account the international 
protocols that recommend fluids that are not harmful to the environment and the thermal 
efficiency of the cycle. In [19], working fluids are classified into six categories 
according to the heat source temperature. For heat source temperatures between 445 K 
and 465 K, the following working fluids are recommended: R600, R245fa, neopentane 
and R245ca. Also, in paper [20], for temperature ranges 100 – 150°C, are recommended 
the following fluids: butane, neopentane and R245fa.  

For  ORC systems  with  a  capacity  of  more  than  100  kW,  the  most  suitable 
expansion machines are turbines [21]. 

When using low heat sources, it is recommended the direct heat exchange between 
the heat source fluid and the ORC working fluid, without using an intermediate loop, 
thus avoiding the reduction of the evaporation temperature and the complication of the 
plant.  

The specific cost of ORC units is difficult to be estimated due the lack of 
information provided by the manufactures, but in literature can be found some 
indicative costs and models to calculate them. The low temperature ORC systems can 
have an average specific cost from about 1350 €/kW for a 250 kW-unit to 2200 €/kW for 50 
kW-unit, and the high temperature ORC systems from 1000 €/kW for a 2 MW-unit, to 
2000€/kW for a 500 kW-unit and up to 3000€/kW for a 150 kW-unit [22]. To the total 
acquisition cost (Ztot) are added the following costs: 30% from the Ztot for piping 
and accessories, 20% for installation; 10% for instrumentation and 11% for materials 
necessary to build the system. Operating and maintenance costs can reach 45% from the Ztot 
[18]. 

This paper aims to analyse energetically and economically the coupling of ORC to a 
steam boiler for heat recovery from exhaust gases.  

2 Energy model 

The steam boiler considered in this study is of type CR 12C and generates 50 t/h steam 
with a pressure of 36 bar and a temperature of 450°C with an efficiency of 90.5%. The 
boiler runs on natural gas. The properties of the exhaust gases from the boiler are given in 
Tab. 1.  
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Table 1. Flue gas properties. 

Temperature, °C Mass flow rate, kg/s Enthalpy, kJ/kg  

163 11.83 242.25 

100 11.83 148.00 

The ORC model was developed by using the Cycle-Tempo simulation tool. The 
working fluid properties were calculated by using the REFPROP program. Of the 
recommended working fluids for the heat source temperature of 163°C, the R245fa was 
chosen as it need not superheating, has low ODP, is nearly non-toxic and it does not 
degrade at the maximum working temperature of the cycle. The chosen expansion machine 
was axial turbine. 

Several ORC simulations were performed with different vaporization and condensation 
pressures with simple cycle and with internal heat recovery cycle aiming at obtaining the 
maximum net power. These led to the ORC configuration shown in Fig. 1 and the 
representation in the T-s diagram in Fig. 2. The maximum net power was obtained for the 
evaporation pressure of 17 bar, condensation pressure of 2.6 bar and simple configuration. 
The pinch point temperature in evaporator and condenser was set at 10°C. The evaporator 
is a shell-and-tube heat exchanger and the condenser is a flat plate heat exchanger. 

The ORC operation parameters of the system components are given in Table 2. The heat 
loss and pressure drop in pipes were neglected. 
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P = Power [kW]
Pel = Electrical Power [kW]

 

Fig. 1. ORC schematic (R245fa) (Cycle-Tempo). 

The thermodynamic model is described by the following equations: 
- pump power consumption: 

 ( )1 2 1 , ,/ η ηP i p m pW m h h= − , kW (1) 
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Fig. 2. T-s diagram of ORC (R245fa).  

Table 2. Characteristics of system apparatuses. 

Parameter Value 

Turbine isentropic efficiency, ηi,T 0.87 

Turbine mechanical efficiency, ηm,T 0.95 

Pump isentropic efficiency, ηi,P 0.80 

Pump mechanical efficiency, ηm,P 0.95 

Electrical generator efficiency, ηG 0.97 

Pressure loss in evaporator and condenser 0.05 bar 

Evaporator overall heat transfer coefficient, Uev 0.3 kW/m2/K 

Condenser overall heat transfer coefficient, Uc 4 kW/m2/K 

- heat transferred in evaporator: 

 ( ) ( )5 6 2 3 2ev fgQ m h h m h h= − = −   , kW (2) 

 Δev ev ev evQ U A t= ⋅ ⋅ , kW (3) 

where: Aev is evaporator heat exchange area, m2; Uev is overall heat transfer coefficient, 
kW/m2/K; Δtev is logarithmic mean temperature difference of evaporator, K; 

- electric generator power output: 

 ( )1 3 4 , ,η η ηG m T i T GW m h h= − , kW (4) 

- heat transferred in condenser: 

 ( ) ( )1 4 1 8 7c cwQ m h h m h h= − = −   , kW (5)
 

 Δc c c cQ U A t= ⋅ ⋅ , kW (6) 

 
 

Exhaust gases

Cooling water 
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where: Ac is evaporator heat exchange area, m2; Uc is overall heat transfer coefficient, 
kW/m2/K; Δtc is logarithmic mean temperature difference of evaporator, K; mcw is mass 
flow rate of cooling water, kg/s; 

- ORC net power output: 

 net G PW W W= − , kW (7) 

- ORC gross energy efficiency: 

  
η net

ev

W

Q
=   (8) 

3 Economic model 

The economic model includes calculation of capital cost, levelised cost of energy and the 
payback period. 

The purchase cost corresponding to year 2001 of the ORC system components can be 
calculated by using the following equations [23]: 

- turbine cost as function of power output, WT: 

 
2

10 10(2.2476 1.49658 log 0.1618 (log )3.5 10 T TW W
TZ + ⋅ − ⋅= ⋅ , € (9) 

- cost of heat exchangers as function of heat exchange area, A: 

 
0.9110000 324HEZ A= + ⋅ , € (10)

 

- pump cost as function of power capacity, WP and operation pressure p: 

 
2 2

10 10 10 10(3.3892 0.0536 log 0.1538 (log ) ( 0.3935 0.3957 log 0.0023 (log )10 10P PW W p p
PZ + ⋅ − ⋅ − + ⋅ − ⋅= ⋅ , € (11) 

- electrical generator cost as function of power output, WG: 

 

0.94

2775000
11800

G
G

W
Z

⎛ ⎞
= ⎜ ⎟⎜ ⎟⎝ ⎠

, € (12) 

- total capital cost corresponding to year 2021: 

  ( ) 2021

2001
tot T C P EV

CEPCI
Z Z Z Z Z

CEPCI
= + + + , € (13) 

where CEPCI2001 and CEPCI2021 are the Chemical Engineering Plant Cost Index values 
required to convert the purchase cost from 2001 to 2021 (CEPCI2001 = 397; CEPCI2021 = 
637.8) [24]; 

- capital recovery cost: 

 
( )

( )
1

1 1

n

n

i i
CRF

i

+
=

+ −
 (14) 

where i is annual interest rate (i=0.1) and n is plant lifetime (n=25 years); 
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- levelised cost of electricity: 

 
tot OM

net

Z CRF C
LCOE

N W

⋅ +=
⋅

, €/kWh (15) 

where COM is the annual cost of plant operation and maintenance, € (COM = 0.3ꞏZtot), N is 
annual hours of operation (N = 7400 hours); 
- payback period: 

  tot

net el OM

Z
PP

N W C C
=

⋅ ⋅ −
, years (16) 

4 Results and discussions 

The developed model was verified and validated by simulating the experimental ORC 
system working with R245fa presented in [25] and comparing the simulation results. The 
results of the simulation were very close to those presented in the paper. 

Following the simulations performed with Cycle-Tempo, the optimal operating 
parameters of the system corresponding to the maximum net power generated by the ORC 
were obtained. These are given in Fig. 1. The ORC system recovers 844.29 kWth from the 
exhaust flue gases from the boiler and generates 177.48 kWel, which means a gross 
efficiency of 21.02%. 

In paper [10] is presented a system with Kalina cycle that recovers 2538 kWth from the 
exhaust gases from a steam boiler. The power generated by the system is 375.21 kWel 
which means an efficiency of 14.78%. If the same amount of heat with the same thermal 
level were recovered with the developed ORC system, 520.7 kWel would be generated, 
which means a system efficiency of 20.5%. It can be seen that the ORC is more efficient 
than the Kalina cycle for using the same heat source and the same cooling water. On the 
other hand the Kalina cycle has an important advantage of reacting to the heat source 
temperature variation by adjusting the amount of ammonia in the working fluid. 

For the implementation of the ORC system, a financial effort at the level of year 2021 
of 531770 € is required, which means a specific cost of 2987 €/kWel. For the annual 
operation and maintenance cost of € 93300, lifetime of 25 years and 7400 operating hours 
per year resulted in a Levelised cost of electricity of 0.115 €/kWh and a payback of 5.5 
years.  

Comparing the results of energy analysis as well as of the economic analysis obtained in 
this study with those reported in the literature, insignificant differences can be observed. 

5 Conclusions 

One way to increase the steam boiler efficiency is to recover the heat from exhaust gasses. 
So, the exhaust gases should be cooled down as much as it is allowed and to reintroduce it 
to the cycle or to convert it into electricity as efficient as possible. The ORC systems are 
gaining attention for waste heat recovery. There are currently a wide variety of ORC 
systems that differ in working fluid, expansion machine type and heat exchangers type. The 
correct choice of system for a particular application depends primarily on the temperature 
of the heat source. Cycle-Tempo is one of the tools used to simulate ORC systems. It has 
the advantage of allowing operation optimisation of simulated systems. 

The analysis performed in this paper shows that by cooling the exhaust gases from a 
steam boiler into the evaporator of an ORC system allows to generate electricity with an 

PEPM'2021

E3S Web of Conferences 327, 01002 (2021) https://doi.org/10.1051/e3sconf/202132701002

6



efficiency of 21.02%. Heat recovery for electricity generation allows an annual reduction of 
GHG emissions of 360 tons and an annual gain of 190436 €, obtained by selling electricity 
(by 0.145 €/kWh) or by reducing the electricity consumption. The generated electricity can 
be used to supply electric motors to drive the flue gas fan or air fan or other consumers, 
thus increasing the efficiency of using the energy introduced with the fuel in steam boiler. 
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