
 

1 

 

6TH INTEATIONAL CONGRESS ON WATER, WASTE AND ENERGY MANAGEMENT, 20-22 JULY 2022, ROME, ITALY 

LIMITATIONS IN THE DESIGN OF AN INDUSTRIAL WASTE POWER PLANT: 

ANALYSIS OF THE INSTALLATION CONSIDERING THE TURBINE INLET STEAM 

PRESSURE.  

Francisco J. Gómez-de la Cruz 1*, Rafael López-García 1, José M. Palomar-Carnicero 1, Fernando 

Cruz-Peragón1. 

1 Dep. of Mechanical and Mining Engineering, Escuela Politécnica Superior de Jaén, 

University of Jaén, Campus Las Lagunillas s/n, 23071, Jaén (Spain). 

* Corresponding author. Tel: +34- 953648688, E-mail: fjgomez@ujaen.es  

ABSTRACT. This work presents a technical study on the main limitations that has an industrial 

waste power plant of low power. The power plant has differences very important from a conventional steam 

power plant. Here, all limitations are analysed, especially, the turbine inlet vapour pressure. Variables such 

as heat flow supplied to the heat recovery steam generator power (HRSG), condenser pressure, and steam 

turbine performance are considered constants (limited variables). Only the turbine inlet vapour pressure can 

be modified. According to this last variable, the power plant is analysed from performance, supplied power 

to the grid, and the pinch and approach points in the HRSG. Furthermore, the product of the heat transfer 

global coefficient multiplied by the heat interchange area of each part of the HRSG (economizer, evaporator 

and superheater) is analysed as well. A pressure design of 28 bar is considered as starting point and an 

algorithm carries out the optimization of the installation. The results show that the turbine inlet vapour 

pressure should be between 40 and 70 bar.    
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Introduction 

Energy use policies and the strategies to reduce greenhouse gasses have favoured the development 

of steam power plants that use biomass or recycled wastes. Among others, industrial waste power plants 

have a great potential for revaluation of these wastes, which in turn are removed.     

The design and study of a steam turbine plant that uses industrial wastes or biomass have important 

drawbacks to conventional power plants [1]. The different technologies, the diversity of wastes, and the 

availability of cooling water prevent a high performance in the power plant [2].   

This work presents a case study of a future installation of a steam turbine plant of low power, which 

uses different industrial wastes. It analyses the limitations that affect a previous design of an installation 

located in Alcalá la Real (Jaén, Spain), which are:  

-Low availability and heterogeneity of industrial wastes, which provokes a power-installed capacity 

of less than 3 MW and forces to use of a rotary kiln and a heat recovery steam generator (HRSG) instead of 

a conventional steam boiler more efficient. 

-HRSG inlet gas temperature of 950ºC and HRSG exhaust temperature less than 190ºC. 

-Turbine inlet vapour pressure is relatively low, lower than 80 bar.  

-Turbine internal performance is about 68% for these conditions. 

-Condenser pressure is relatively high, about 0.1 bar due to an air-cooled condenser.  

Between all premises, only the turbine inlet vapour pressure can be modified, the rest remains 

constant regardless of the pre-designed installation. This work aims to present a procedure that evaluates 

the features of the power plant when the turbine inlet vapour pressure varies. From data for an installation 

with a particular quantity of wastes and a turbine steam vapour pressure of 28 bar, technical and economical 

parameters for different pressures at the turbine inlet are evaluated. Supplied energy at the HRSG is 

considered constant. The aim is to determine the optimum characteristics of the system that maximizes the 

economic profit.  
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Material and Methods 

Materials 

Industrial wastes used in the power plant present high heterogeneity. These wastes are a mixture of 

rubber, inks and rags with an average net calorific value of 39.3 MJ/kg (table I). 

  
Table I. Industrial wastes characteristics.  

Waste NCV 

(MJ/kg) 

Carbon 

(%) 

Hydrogen 

(%) 

Nitrogen 

(%) 

Chlorides 

(%) 

Others 

(%) 

Mixture 

(%) 

Rubber  41.33 83.78 11.65 - 0.018 - 90 

Inks 23.93 51.54 8.67 3.08 0.0185 0.11 5 

Rags 20.9 51.54 8.67 - - - 5 

 

Installation 

The power plant is formed by: 

-A specific rotary kiln (Kalfrisa KR-5400-S) that burns the wastes. 

-A non-selective catalytic reduction reactor (NSCR) that reduces the formation of NOx.  

-A heat recovery steam generator (HRSG) based on a superheater, an evaporator, and an economizer. 

-A steam turbine group KKK AFA 46 of two stages, an intermediate extraction to a degassing tank 

and another one to the condenser.  

Figure 1 shows a scheme of the power plant. 

 

 

Figure 1: General arrangement of the power plant. 



 

 

The analysis of the rotary kiln considers a constant mass flow of wastes to be burned, which 

provides a theoretical combustion temperature of 975ºC. This temperature will be the temperature of the 

HRSG inlet and the mass flow of gasses can be determined from Eq. (1) as follows: 

 

�̇�𝑐𝑃𝐶𝐼 = �̇�𝑔𝑐𝑝(𝑇𝑔,𝑖𝑛 − 𝑇𝑔,𝑜𝑢𝑡)         (1) 

 

The air mass flow is the difference between the gasses mass flow and the wastes mass flow (kg/s). 

Subsequently, gasses are transported until the HRSG, which presents a heat loss by the walls of about 5% 

(𝐹𝑝 = 0.05). The outlet temperature is near 190ºC and the supplied energy to the HRSG is �̇�𝐻𝑅𝑆𝐺 =

11,5 𝑀𝑊.  It is important to indicate that if the vaporization pressure is modified, approach and pinch points 

in the HRSG are modified as well. This implies that the supplied energy in the different elements of the 

HRSG is also variable, although all supplied energy is constant in this equipment. For a certain vaporization 

pressure, an estimation of the approach and pinch point is obtained [3]. This implies that the thermal 

interchange area, 𝐴𝑗  (𝑚2), of each element, varies depending on the heat transfer global coefficient, 𝑈𝑗 

(𝑘𝑊 · 𝐾−1 · 𝑚−2), and the logarithm mean temperature difference, 𝐿𝑀𝑇𝐷 (𝐾). If the vapour flow of the 

installation, �̇�𝑣 (kg/s) and the enthalpy difference (kJ/kg) in each element is known the supplied energy by 

the element can be obtained as:  

�̇�𝐻𝑅𝑆𝐺 = �̇�𝑔𝑐𝑝(𝑇𝑔,𝑖𝑛 − 𝑇𝑔,𝑜𝑢𝑡)(1 − 𝐹𝑝) = �̇�𝐻𝑅𝑆𝐺,1 + �̇�𝐻𝑅𝑆𝐺,2 + �̇�𝐻𝑅𝑆𝐺,3   

�̇�𝐻𝑅𝑆𝐺,1 = 𝑈1 · 𝐴1 · 𝐿𝑀𝑇𝐷 = �̇�𝑣 · ∆ℎ𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑧𝑒𝑟  

�̇�𝐻𝑅𝑆𝐺,2 = 𝑈2 · 𝐴2 · 𝐿𝑀𝑇𝐷 = �̇�𝑣 · ∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟   

�̇�𝐻𝑅𝑆𝐺,3 = 𝑈3 · 𝐴3 · 𝐿𝑀𝑇𝐷 = �̇�𝑣 · ∆ℎ𝑠𝑢𝑝𝑒𝑟−ℎ𝑒𝑎𝑡𝑒𝑟     (2) 

 

Due to the complexity of the heat transfer in each element, the calculations will be considered the 

𝑈𝑗 · 𝐴𝑗 product. To carry out the analysis, it is necessary to know the vapour flow of the installation, �̇�𝑣, 

thanks to the delivered energy by the gasses in the HRSG, �̇�𝐻𝑅𝑆𝐺 , and the inlet and outlet water enthalpies, 

which depend on the vaporization pressure. Furthermore, an iterative procedure is needed.   

Vapor cycle. 

The thermodynamics cycle is analysed from a design pressure in the steam turbine inlet (28 bar), a 

constant heat flow supplied to the HRSG (11.5 MW), the condenser pressure (0.1 bar), and the steam turbine 

performance (68 %). The algorithm developed obtains variables such as flows, works, and heats of the cycle 

and evaluates the characteristics parameters in the HRSG such as the pinch point and the approach point. 

The procedure is the following: 

a) The turbine inlet temperature 𝑇𝑆𝑇,𝑖𝑛 should guarantee a quality of 0.9 at the condenser inlet. 

b) A degassing pressure, 𝑝𝑑𝑒𝑔, is proposed according to the degassing temperature, 𝑇𝑑𝑒𝑔, which 

is determined as follows: 

𝑇𝑑𝑒𝑔 = 0.5(𝑇𝑐𝑜𝑛𝑑 + (𝑇𝑒𝑣 − 𝐴𝑃))       (3) 

c) The vapour flow, �̇�𝑣, is determined using the inlet and outlet water enthalpies in the HRSG: 

�̇�𝐻𝑅𝑆𝐺 = �̇�𝑣(ℎ𝑆𝑇,𝑖𝑛 − ℎ𝑖𝑛,𝐻𝑅𝑆𝐺)       (4) 

d) Using all these data, the thermodynamics cycle is analysed [4], calculating the thermodynamics 

properties, flows, works, and heats.  

An iterative process determinates the approach point, 𝐴𝑃, in the HRSG, with an initial value of  𝐴𝑃0 =
30°𝐶. Then, eqs. (3) and (4) and the vapour cycle is solved using the thermodynamics properties in the 

different points of the cycle. Knowing ℎ𝑖𝑛,𝐻𝑅𝑆𝐺 , 𝐴𝑃 can be obtained by keeping the expression [3]: 

 ℎ𝑖𝑛,𝑒𝑣 − ℎ𝑖𝑛,𝐻𝑅𝑆𝐺 ≥
2

3
(ℎ′ − ℎ𝑖𝑛,𝐻𝑅𝑆𝐺)       (5) 
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Where ℎ𝑖𝑛,𝑒𝑣 is the economizer outlet water enthalpy and ℎ′ is the saturated liquid enthalpy at the design 

pressure, 𝐷𝑃. 𝐴𝑃 is calculated according to the algorithm of figure 2. 

 

Figure 2: Iterative process for the determination of vapour and gasses parameters. 

 

On the other hand, electrical systems and auxiliary equipment are formed mainly by two pumps, fans, and 

fuel feeders denominated as auxiliary consumption. Therefore, the supply power to the grid is calculated as: 

 

𝑁𝑒,𝑔𝑟𝑖𝑑 = 𝑁𝑒,𝑆𝑇 − 𝑁𝑒,𝑃1 − 𝑁𝑒,𝑃2 − 𝑁𝑎𝑢𝑥        (6) 

Costs. 

 The operation costs of the power plant are based on the fuel, operation and maintenance, and 

investment, this last will be amortized. On the other hand, the electricity sold provides a fixed income. The 

expenditures and income analysis are performed using the internal rate of return, IRR (%). The investment 

will vary according to the design of electric power and the HRSG configuration. The costs and income will 

be associated with the exportation of the electric power generated by the plant. 

 This analysis starts from a known cost considering the quantity of fuel and a turbine inlet vapor 

pressure of 28 bar. The total cost of the installation is 10,600,000 €, where the initial cost of the installed 

power is 1000€/kWe and the HRSG presents a cost of 2,700,000 €. For these conditions, the IRR is 9.5%. 

 With these costs, if the capacity of generation of the installation varies, 𝑌𝑥 (kW or m2), concerning 

 



 

 

the initial one, 𝑌𝑥0 (kW or m2), the electrical generation supplied to the grid will vary as well, increasing the 

income. However, it will also exist a variation in the cost of the equipment investment, 𝐶𝑥 (€) with respect 

to the initial one, 𝐶𝑥0 (€) according to the eq. (7) as follows [5]:  

 

𝐶𝑥 = 𝐶𝑥0 (
𝑌𝑥

𝑌𝑥0
)

𝛼
          (7)     

 

For this installation, 𝛼 is considered equal to 0.5, modifying the cost comparing the installed powers. For 

the case of the HRSG, the modifications of interchange surfaces are evaluated, and therefore, the quantity 

of material. Here, 𝛼 is considered equal to 0.66. 

Results and Discussion 

According to the described procedure, several figures are obtained. The results show that the electric 

power to the grid increases when the turbine inlet vapour pressure increases as well for the same value of 

delivered energy by the fuel (figure 3). Furthermore, the global and thermodynamics performances present 

the same tendency (figure 4). For pressure higher than 60 bar, the asymptotic tendency starts to stabilize up 

to its limit, 180 bar (conditions not presented).  

On the other hand, figures 5 and 6 depict data about the HRSG for design purposes. These figures 

indicate the conditions to carry out the heat transfer that ensures the delivered energy to the water of the 

thermodynamics cycles. Now, the manufacturer of the HRSG will be able to evaluate if the technology 

conditions can be satisfied. This fact will set in the future the technical limitations of this study with respect 

to the vaporization pressure and the turbine inlet vapour pressure. 

Finally, the profitability of the installation is economically evaluated from IRR with a value of 9.5% 

for the reference installation considering 28 bar for the turbine inlet vapour pressure.   

 

  

Figure 3: Electrical power to the grid.     Figure 4: Performances. 

 

  

Figure 5: HRSG and Degassing tank characteristics.   Figure 6: Heat transfer characteristics in HRSG. 
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       Figure 7: IRR evolution with 𝛼𝐻𝑅𝑆𝐺 = 0.66 and 𝛼𝑆𝑇 = 0.5.                  Figure 8: IRR evolution with 𝛼𝐻𝑅𝑆𝐺 = 0.8 and 𝛼𝑆𝑇 = 0.7.                   

 

 However, the results shown can lead to mistakes in the evaluation. For instance, to determine the 

interchange area, figure 6 provides the data and a generic heat transfer coefficient. Moreover, eq. (7) presents 

𝛼 coefficients very similar to other previous studies [5] that cannot be correct in this study. In any case, 

figures 7 and 8 indicate the IRR evolution of the installation for two different cases where 𝛼 varies both the 

HRSG, 𝛼𝐻𝑅𝑆𝐺 ,  and the steam turbine, 𝛼𝑆𝑇 . Each function presents a maximum value for different turbine 

inlet vapour pressure, and therefore, these values indicate the optimum value of this pressure. However, 

these values are different depending on the 𝛼 coefficients used.  

 Although the two functions (figures 7 and 8) show differences in the pressure optimum value, the 

profitability differences are minimal. This fact shows that the pressure limit will be marked by the technical 

capacity to adapt the HRSG to the design conditions for the maximum value of the turbine inlet vapour 

pressure, considering the results obtained in figures 5 and 6. A design pressure between 40 and 60 bar 

improves the results in the technical and economic aspects.  

Conclusions 

The installation presents higher economic profitability when the installed capacity is higher as 

well. The turbine inlet vapour pressure should be between 40 and 70 bar. For more reliable results, 

pressure losses in the installation, volume, and composition of gas and heat interchange areas should be 

considered.  
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