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Abstract. This study compares the energy and exergy performance of a concentrated solar power (CSP) and biomass 

hybridized corn ethanol cogeneration cycle located in the United States (Phoenix/AZ) and Brazil (Barreiras/BA). The 

proposed hybrid plant uses in parallel a biomass boiler and a direct steam generation parabolic trough solar field to 

supply a 28.5 MW backpressure steam turbine with about 49 kg/s of superheated steam at 520 °C and 67 bar. After the 

turbine, steam at saturated state supply process heat to a dried distillery grain with solubles (DDGS) dryer, at 9 bar and 

12.5 kg/s, and the ethanol production processes, at 2.5 bar and 37.5 kg/s. The plant operates on a fuel-saving strategy, 

meaning that the boiler and solar field supply the plant's steam requirement at all times. For each location, the solar 

field size is determined following the criteria that the concentrators deliver a maximum of 60% of the steam generation 

for design DNI and larger irradiance levels. The biomass is eucalyptus wood chips with 30 % of moisture content. The 

analyzed performance indicators are the annual energy and exergy efficiencies, the economized fuel, the destroyed 

exergy, and the biomass savings. These indicators are calculated for the design-point conditions and the typical 

meteorological year. Ebsilon Professional is the computational tool used for the performance assessment, while the 

meteorological data comes from the software Meteonorm. The study results show the technical feasibility of the proposed 

solution for both locations but with an advantage for Barreiras. 

 

Keywords: Concentrated solar power, Corn ethanol production, Direct steam generation, Solar-biomass hybrid 

cogeneration 

 

1. INTRODUCTION 

 

Bioethanol has a relevant role in the future of the different energy matrixes worldwide as a sustainable non-fossil fuel 

and energy carrier. By far, the leading producers of bioethanol are the USA and Brazil. According to the Renewable Fuel 

Association (RFA, 2019), in 2018, the first country accounted for 56% of global ethanol production while the second 

country 28%. However, the American and Brazilian ethanol industries achieve their global production shares in different 

ways. While the United States produces ethanol using corn as feedstock, until recently, Brazil focused on producing 

ethanol solely from sugarcane, given historical and technological developments of the industry in the country. 

Nonetheless, in the past few years, as corn production rose in Brazil's Central-West region, the price of corn fell to 

levels that allowed for the sprouting of a corn ethanol industry. The first attempts to produce ethanol from corn in Brazil 

started by adapting sugar cane mills to produce corn ethanol in off-season periods in the so-called flex-fuel mills. Later 

came the plants that process only corn (Eckert et al., 2018). 

Ethanol plants consume a large amount of electricity and process heat to function. Therefore, cogeneration, also known 

as combined heat and power (CHP), can provide a more efficient energy supply. For example, a typical corn ethanol plant 

in the US utilizes around 9.7 MJ of process heat and 0.29 kWh of electricity per liter of ethanol produced (Mani et al., 

2010). These energy consumption values are, in general, lower than those present in sugarcane ethanol plants. However, 

when looking at the primary energy source used, there is a relevant difference between ethanol production from corn and 

sugarcane. While sugarcane plants burn the bagasse obtained by processing its feedstock, corn ethanol plants need to use 

external fuel sources such as fossil fuels or wood chips, increasing their operation costs (Nogueira et al., 2014). 

Researchers have proposed various ways to mitigate corn ethanol plants' demand for external fuel sources. Karuppiah 

et al. (2008) focused on plant design, optimizing thermochemical processes to reduce overall energy requirements. Morey 
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et al. (2006), Tiffany et al. (2008), and Wang et al. (2009) examined the viability of burning co-products such as Dried 

Distillery Grains with Solubles (DDGS) and corn stover as boiler fuel. Kam et al. (2009) also examined the possibility of 

using DDGS and corn stover as fuel by comparing their direct combustion and their gasification for subsequent firing. 

Another possible way to remedy the corn ethanol plant's energy supply is to associate concentrated solar energy with the 

cogeneration cycle. Among the different CSP technologies, Parabolic Trough Collectors (PTC) stand out as the most 

mature CSP technology and the most optically efficient linear collectors. PTC concentrators are typically used for indirect 

heat generation. In this configuration, synthetic oils are used as working fluids that carry the heat acquired in the 

concentrators to the steam cycle through a heat exchanger at a maximum temperature of 400 °C (Fuqiang et al., 2017). 

The concept of indirect heating using PTC was considered to the corn ethanol industry by Brunet et al. (2014) in a study 

focused on distillation tower heating. Alternatively, PTC can also operate in Direct Steam Generation (DSG), heating 

water directly and generating steam with temperatures up to 500 °C (Giglio et al., 2017). A third CSP application 

possibility would be to preheat feed water. For example, Burin et al. (2015) studied this concept in the sugar cane ethanol 

industry. Finally, no studies were found regarding corn ethanol plants using CSP solar fields to generate steam directly. 

Energy and exergy analyses are alternatives to evaluate the performance of these new corn ethanol plant arrangements. 

In this regard, for example, Donke et al. (2013) reported an energo and exergo-environmental study of typical sugarcane, 

corn, and flex-mill ethanol plants. They concluded that the corn ethanol plant with cogeneration would be the scenario 

that presents the most balanced energetic, exergetic, and environmental performance. López et al. (2018) performed the 

exergy analysis of a sugarcane bagasse ethanol plant assisted by linear Fresnel concentrators. The solar field was analyzed 

in two configurations: a feedwater preheater before the boilers and a heater that delivers saturated steam. The first 

configuration performed better, resulting in 10% fuel saving and a reduction of 11% of overall exergy destruction. 

Given the outlined scenario, this paper presents the energy and exergy performance evaluation of a hybrid solar-

biomass cogeneration cycle for a typical corn ethanol plant. The assessment is made for two plant locations: Pheonix/AZ 

(USA) and Barreiras/BA (Brazil). The analyzed hybrid plant uses a parabolic trough solar field under direct steam 

generation in parallel to a biomass boiler to meet the plant's steam requirements. The analysis evaluates the biomass 

savings, the plant's energy efficiencies, the destroyed exergy and the exergy efficiencies for the design point condition, 

and a typical meteorological year (TMY), in each plant location. 

 

2. METHODOLOGY 

 

2.1 Cogeneration cycle description 

 

As seen in Figure 1, the proposed hybrid cogeneration cycle is composed of a typical corn ethanol base cycle, as 

described by surveyed Brazilian engineering companies, and a parabolic trough concentrator solar field. The typical plant 

modeled produces 800 m3 of ethanol per day (292,000 m3/year). For this level of ethanol production, the boiler and the 

solar field need to generate 48.4 kg/s of superheated steam together at 520 °C and 67 bar to power the plant's 28,5 MW 

Back Pressure Steam Turbine (BSPT). From the turbine, 12.5 kg/s of steam is extracted at 11 bar to feed the DDGS dryer. 

Here a pressure drop of 2 bar was considered for analysis. 

Further on, at the turbine's exhaust, 37.5 kg/s of steam is discharged at 4.5 bar to feed the deaerator at 2 bar, and the 

ethanol production processes at 2.5 bar. After the production processes, the condensate is directed to a condensate tank, 

at atmospheric pressure, where flash steam is eliminated, and make-up water is supplied at 25 °C. The condensate is then 

pumped to the deaerator from which it leaves to be pumped back to the boiler and solar field at 77 bar and the water 

injectors (desuperheaters) at 9 bar. All pressures are considered absolute. 

The biomass used in the boiler is eucalyptus wood chips, with corresponding elemental composition and low heating 

value available in Table 1. The solar field is composed of Eurotrough ET-150 concentrators in a once-through 

configuration. The steam cycle's design parameters can be found in Table 2 and Table 3. The plant follows the fuel-saving 

operation strategy in which the sum of the steam generated by the boiler and solar field is equal to the plant's nominal 

steam requirement. Thus, at its design point, the solar field produces 60% of the steam required to feed the cogeneration 

cycle while the boiler operates at its minimum load of 40%. 

 

Table 1.  Eucalyptus biomass elemental composition in wet basis and low heating value 

 

Parameter C (%) H (%) O (%) N (%) Ash (%) Moisture (%) LHV (kJ/kg)(1) 

Value 35.00 4.67 29.40 0.11 0.82 30.00 12747 
(1) Calculated by the Mendeleev formula as described in Cortez et al. (2008). 
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Fig. 1.  Modeled solar-biomass hybrid cogeneration cycle's schematic 

 

Table 2.  Plant design parameters 

Parameters Value 

Boiler  

Steam pressure, bar 67 

Steam temperature, °C 520 

Global heat transfer coefficients, kWm2/K  

Evaporator 99 

Superheater 1 70 

Superheater 2 13 

Economizer 41 

Air preheater 290 

Combustion chamber efficiency, % 99 

Excess air(1), % 50 

Boiler slag temperature, °C 400 

Fly ash ratio, % 30 

Wall heat transfer losses(2), % 2 

Power block  

Turbine 1 isentropic efficiency, % 85 

Turbine 2 isentropic efficiency, % 88 

Pumps isentropic efficiency, % 80 

Generator efficiency, % 98 

DDGS dryer steam pressure, bar 9 

Ethanol production steam pressure, bar 2.5 

Deaerator pressure, bar 2 

Solar field  

PTC concentrator length, m 150 

PTC concentrator gross aperture width, m 5.76 

PTC optical active aperture area factor, % 95 

PTC row spacing, m 17.28 

PTC peak optical efficiency, % 75 

PTC mirror cleanliness factor, % 95 
(1) relative to air stoichiometric; (2) relative to the total energy released in  

the combustion; 
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Table 3.  Solar field design-point conditions 
 

Parameters Phoenix/AZ (US) Barreiras/BA (BR) 

Latitude 32.95 -12.14 

Longitude -111.77 -44.99 

DNI(1), W/m2 956 908 

Ambient temperature(2), °C 22 24 

Wind speed(2), m/s 2.51 3.15 

Solar multiple 1 1 

Day(3) June 21st December 22nd 
(1) defined as 90% of the cumulative frequency distribution of the hourly non-null 

irradiance; (2) annual average; (3) at noon; 

2.2 Modeling and simulation 

 

The following simplifying assumptions are considered in the analysis:  

 

1. Steady-state operation (in each hourly time step). 

2. The heat exchangers are adiabatic and of counter-current type. 

3. The heat losses caused by boiler purges are neglected. 

4. All the flash steam generated is released into the atmosphere and is replaced as make-up water in the condensate tank. 

5. At a 40% part-load regime, it is considered an excess air ratio of 60% and combustion chamber efficiency of 96%. 

6. The pressure losses across the boiler and the solar field are equal and constant. 

7. Kinetic and potential energy variations are neglected. 

8. The reference ambient conditions are a temperature of 288.15 K and a pressure of 1 bar. 

9. Ash chemical exergy is neglected. 

10. All lost exergy is considered as destroyed exergy. 

 

The mass, energy, and exergy balance are considered according to Eq. (1) to Eq. (3), respectively: 

 
∑ 𝒎̇𝒊𝒏 = ∑ 𝒎̇𝒐𝒖𝒕  (1) 

𝑸̇𝒊𝒏 + 𝑾̇𝒊𝒏 + ∑(𝒎̇𝒉)𝒊𝒏 = 𝑸̇𝒐𝒖𝒕 + 𝑾̇𝒐𝒖𝒕 + ∑(𝒎̇𝒉)𝒐𝒖𝒕  (2) 

𝑩̇𝒊𝒏 = 𝑩̇𝒐𝒖𝒕 + 𝑩̇𝒅  (3) 

 

Before the energy and exergy analysis, a last relevant parameter regarding the solar field area is defined as: 

 

𝑨𝑺𝑭,𝒏𝒆𝒕 =
𝟎.𝟔⋅𝑸̇𝒃𝒐𝒊𝒍𝒆𝒓,𝑭𝑳

(𝑸̇𝑺𝑭,𝒕𝒉− 𝑸̇𝑺𝑭,𝒍𝒐𝒔𝒔)⋅𝑺𝑴
⋅ 𝑨𝑷𝑻𝑪,𝒏𝒆𝒕  (4) 

 

where 𝑨𝑺𝑭,𝒏𝒆𝒕 is the net aperture area covered by concentrators in the solar field,  𝑸̇𝒃𝒐𝒊𝒍𝒆𝒓,𝑭𝑳 is the energy flux delivered 

by the boiler at full-load, 𝑸̇𝑺𝑭,𝒕𝒉 is the thermal energy flux absorbed by the concentrators, 𝑸̇𝑺𝑭,𝒍𝒐𝒔𝒔 is the thermal energy 

loss flux in the solar field, 𝑺𝑴 is the solar multiple, and 𝑨𝑷𝑻𝑪,𝒏𝒆𝒕 is the net aperture area of a parabolic trough concentrator 

unit. The total net aperture area is calculated for each location using their respective design point conditions.  

For the energy analysis, the boiler energy efficiency, solar field optical efficiency, and solar field thermal efficiency 

are calculated according to Eq. (5) to Eq. (8), respectively:  

 

𝜼𝒃𝒐𝒊𝒍𝒆𝒓 =
(𝒎̇𝟑𝟎𝒉𝟑𝟎)−(𝒎̇𝟐𝟗𝒉𝟐𝟗)

𝒎̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝟑𝟒⋅𝑳𝑯𝑽
  (5) 

𝜼𝑺𝑭,𝒐𝒑𝒕𝒄 =
𝑸̇𝑺𝑭,𝒕𝒉

𝑫𝑵𝑰⋅𝑨𝑺𝑭,𝒏𝒆𝒕
  (6) 

𝜼𝑺𝑭,𝒕𝒉 =
(𝒎̇𝟑𝟑𝒉𝟑𝟑)−(𝒎̇𝟑𝟐𝒉𝟑𝟐)

𝑸̇𝑺𝑭,𝒕𝒉
  (7) 

𝜼𝒄𝒚𝒄𝒍𝒆 =
𝑸̇𝑫𝒓𝒚𝒆𝒓+𝑸̇𝒆𝒑𝒓𝒐𝒅+𝑾̇𝒕𝒖𝒓𝒃𝟏+𝑾̇𝒕𝒖𝒓𝒃𝟐

(𝒎̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝟑𝟒⋅𝑳𝑯𝑽)+(𝑫𝑵𝑰⋅𝑨𝑺𝑭,𝒏𝒆𝒕)
  (8) 
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In the previous equations, DNI is the direct normal irradiance that reaches the solar field, and LHV is the low heating 

value of the fuel. Thus, the biomass saved by introducing the solar field is given by:  

 

𝑭𝑺 = ∫ 𝒎̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝒃𝒂𝒔𝒆𝒅𝒕 − ∫ 𝒎̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝒉𝒚𝒃𝒓𝒊𝒅
𝟖𝟕𝟔𝟎

𝟎
𝒅𝒕

𝟖𝟕𝟔𝟎

𝟎
  (9) 

 

The solar fraction is the portion of the plant's thermal demand provided by the solar field and is calculated with:  

 

𝑺𝒐𝒍𝒇𝒓𝒂𝒄 =
𝑭𝑺

∫ 𝒎̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝒃𝒂𝒔𝒆𝒅𝒕
𝟖𝟕𝟔𝟎

𝟎

  (10) 

 

The exergy contained in any matter flow in the cycle is considered in the analysis as follows: 

 

𝒃 = 𝒃𝒑𝒉+𝒃𝒄𝒉 (11) 

 

where the physical exergy is defined by   

 

𝒃𝒑𝒉 = 𝒉 − 𝒉𝟎 − 𝑻𝟎(𝒔 − 𝒔𝟎)  (12) 

 

and the chemical exergy, here considered only for the fuel, according to Styrylska and Szargut's model (Szargut, 2005), 

is 

 

𝒃𝒄𝒉 = (𝑳𝑯𝑽 + 𝟐𝟐𝟓𝟕𝒘)𝜷 + 𝒃𝒄𝒉,𝒘  (13) 

 

where w is the fuel moisture mass ratio. The parameter β is estimated by: 

 

𝜷 =
𝟏.𝟎𝟒𝟐+𝟎.𝟐𝟏𝟔(

𝒛𝑯𝟐
𝒛𝑪

)−𝟎.𝟐𝟒𝟗𝟗(
𝒛𝑶𝟐
𝒛𝑪

)[𝟏+𝟎.𝟕𝟖𝟖𝟒(
𝒛𝑯𝟐
𝒛𝑶𝟐

)]+𝟎.𝟎𝟒𝟓(
𝒛𝑵𝟐
𝒛𝑪

)

𝟏−𝟎.𝟑𝟎𝟑𝟓(
𝒛𝑶𝟐
𝒛𝑪

)
  (14) 

where z is the mass ratio of the elements in the fuel.  

The solar exergy is calculated using the solar energy to exergy conversion ratio proposed by Spanner (Petela, 2003), 

Eq. (15).  

 

𝑩̇𝒔𝒐𝒍𝒂𝒓 = 𝑫𝑵𝑰 ∙ 𝑨𝑺𝑭,𝒏𝒆𝒕 ∙ (𝟏 −
𝟒

𝟑
∙

𝑻𝟎

𝑻𝒔𝒐𝒍𝒂𝒓
)  (15) 

 

where Tsolar is assumed equal to 5777 K. 

The exergy destruction and exergetic efficiency for every component of the cogeneration cycle can be found in Table 

A.1 of Appendix A. Lastly, the energetic and exergetic analyses were performed using the EBSILON Professional 

software, version 14.03, and typical meteorological year data from Meteonorm.  

 

3. RESULTS 

 

Table 4 presents the results of the energy performance parameters concerning the base-case and hybrid-case scenarios 

of the power plant on their design-point condition. This means that the base case runs entirely on biomass combustion 

while the hybrid-cases are running under their specific design-point conditions, as presented in Table 3. Furthermore, the 

hybrid- cases results of Table 4 were found by determining the solar field size considering the design specifications that 

the solar field at design conditions generates a maximum of 60% of the total steam requirement and that the solar field 

loops are composed of 8 PTC concentrators each. Consequently, it was found that for Phoenix, the solar field must have 

168 concentrators, totaling a net aperture area of 137328 m2, and for Barreiras the solar field must have 176 concentrators, 

accounting for a net aperture area of 143867 m2. 

From Table 4, it can be noticed that at design conditions, there is a reduction of 57% e 60% of biomass consumption 

for Phoenix and Barreiras, respectively. Also, it can be noticed that for design conditions, the hybrid plant in both locations 

has nearly identical thermodynamic performance, as can be detected in the plants' efficiencies. 

Table 5 presents the results of the exergy performance parameters of the base-case and hybrid-case scenarios. These 

results show that for all cases shown, the boiler and solar field represent together more than 91% of all destroyed exergy. 

Excluding the boiler and solar field feed pumps, all other components have similar exergy performance in all three cases. 

This behavior results from the plant being designed to run the industrial processes on a steady-state basis. Therefore, it is 

expected that the annual exergetic performance of most components will be equal to or similar to that of the design-point 

analysis. 
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Table 4.  Energy performance parameters at the design point 

 

Parameter Base case 

Hybrid case 

Phoenix/AZ (US) 

Hybrid case 

Barreiras/BA (BR) 

Biomass consumption, kg/s 13.3 5.5 5.5 

Boiler steam production, kg/s 49 20 20 

Solar field steam production, kg/s 0 29 29 

Boiler biomass energy input, MWh  169 71 71 

Concentrator incident solar energy, MWh - 131 131 

Solar field optical energy losses, MWh - 40 40 

Solar field thermal energy losses, MWh - 6 6 

DDGS dryer process heat consumption, MWh 25 25 25 

Ethanol production process heat consumption, kWh 82 82 82 

Plant electricity output, MWh  28.5 28 28 

Plant electricity consumption, MWh 8 8 8 

Boiler energy efficiency, % 85 83 83 

Solar field optical efficiency, % - 70 70 

Solar field energy efficiency, % - 94 93 

Global energy efficiency, % 80 68 68 

 

Table 5.  Exergy performance parameters at the design point 

 

 

The annual energy performance results are found in Table 6. It can be seen that the introduction of the solar field 

produced     a biomass saving of 60145 tons for the plant located in Phoenix and 50871 tons for the plant located in Barreiras. 

These savings represent a solar fraction of 14.36% and 12,15%, respectively, which means that the plant in Phoenix ran 

the equivalent of 52.4 days of the year using solar energy while the plant in Barreiras ran for around 44.3 days. 

Furthermore, the energy efficiencies of the annual analysis show the influence of the plant's location and 

environmental conditions. For example, the plant in Phoenix has a much worse optical performance than the plant situated 

in Barreiras, partially because it is above the Tropic of Cancer (23.43°). On the other hand, the hybrid plant located in 

Phoenix has a better annual solar field thermal efficiency than the plant situated in Barreiras, which can be associated 

with climatic conditions that favor fewer heat losses. 

Concerning the exergetic analysis of the annual operation of the hybrid plant, it can be noted that the boiler and the 

solar field continue to account for around 91 % of the total exergy destroyed in all cases. However, the share of these 

components in exergy destruction changes. For Phoenix, the boiler exergy destruction contribution goes from 37.49 % in 

the design-point conditions to 73.39% in the annual analysis. In comparison, the solar field contribution to exergy 

destruction goes from 54% under design conditions to 18.39 % in the yearly analysis (see Fig. 2). For Barreiras, the same 

exergy destruction change happens with the boiler annual exergy destruction ratio going to 77.25% and the solar field's 

ratio to 14.29%. This change is the result of the low solar fraction. However, it is essential to notice that lower solar field 

Component 

Base-case Hybrid-case  Pheonix/AZ (US) Hybrid-case Barreiras/BA (BR) 

Destroyed 

Exergy 
(kW) 

Exergetic 

Efficiency 
(%) 

Exergy 

Destruction 
Ratio (%) 

Destroyed 

Exergy 
(kW) 

Exergetic 

Efficiency 
(%) 

Exergy 

Destruction 
Ratio (%) 

Destroyed 

Exergy 
(kW) 

Exergetic 

Efficiency 
(%) 

Exergy 

Destruction 
Ratio (%) 

Boiler 127265 36 91.21 53920 35 37.48 52823 35 37.08 

Solar Field 0 - - 77667 36 54.0 79799 35 54,49 

Turbine 1 1587 93 1.14 1592 93 1.11 1593 93 1.10 

Turbine 2 553 92 0.40 555 92 0.39 555 92 0.38 

Piping 1 2721 92 1.95 2726 92 1.90 2727 92 1.88 

Piping 2 279 98 0.20 280 98 0.19 280 98 0.19 

Atemperator 1 170 99 0.12 147 99 0.10 141 99 0.10 

Atemperator  2 166 99 0.12 153 99 0.11 150 99 0.10 

DDGS Dryer 849 91  849 91 0.59 849 91 0.59 

Ethanol 

Production 

Processes 

3063 88 2.20 3063 88 2.13 3063 88 2.11 

Steam trap 1 116 97 0.08 116 97 0.08 116 97 0.08 

Steam trap 2 273 87 0.20 273 87 0.19 273 87 0.19 

Condensate Tank 2268 58 1.63 2268 58 1.58 2268 58 1.57 

Deaerator 141 98 0.10 139 98 0.10 139 98 0.09 

Cond. Pump 1 1 85 0 1 85 0 1 85 0 

Cond. Pump 2 0.4 86 0 0.4 86 0 0.4 86 0 

Cond. Pump 3 68 86 0.05 25 86 0.02 25 86 0.02 

Cond. Pump 4 0 - - 41 86 0.03 41 86 0.03 

Global 139521 30 100 143814 30 100 144842 30 100 
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efficiency in Phoenix leads to a higher contribution of the solar field in the annual exergy destruction for this location and 

a lower yearly global exergy efficiency. 

 

Table 6.  Annual energy performance parameters 

 

Parameter Base plant 

Hybrid case 

Phoenix/AZ (US) 

Hybrid case 

Barreiras/BA (BR) 

Total biomass consumed, t 418703 358570 367844 

Boiler biomass energy input, GWh  1483 1344 1302 

Concentrator incident solar energy, GWh - 375 278 

Solar field optical energy losses, GWh - 241 101 

Solar field's absorber and piping thermal energy loss, GWh - 15 21 
Solar field defocusing losses, GWh - 0 1 

Dryer process heat consumption, GWh 222 222 222 

Ethanol production process heat consumption, GWh 717 717 717 

Plant electricity output, GWh  249 249 249 

Plant electricity consumption, GWh 70 70 70 

Boiler energy efficiency, % 85 85 85 

Solar field optical efficiency, % - 58 64 

Solar field energy efficiency, % - 89 87 

Global energy efficiency, % 80 73 75 

 

 

 

Fig. 2.  Hybrid-cases annual exergetic analysis results: a) ratio of exergy destruction per component, b) exergy 

efficiency. 

 

4. CONCLUSION 

 

At the present work, a 28.5 MWe hybrid solar-biomass cogeneration power plant used by a 264,000 m3/year corn 

ethanol plant was simulated for two locations: Phoenix/AZ (US) and Barreiras/BA (BR). The simulation performed 

covered the plant operation at design conditions and during an hourly typical meteorological year. The results show that 

the CSP technology's introduction presents relevant technical advantages over the biomass-only base case with better 

solar field performance in Barrreiras. For the Phoenix site, a total biomass saving of 60145 tons is obtained through the 

year, represents a solar fraction of 14.36 %, representing the equivalent of 52 days of biomass use. On the other hand, for 

the Barreiras site, 50871 tons of biomass were saved during the year resulting in a solar fraction of 12.15%, the equivalent 

of 44 days of biomass use. The exergetic analysis shows the boiler and the solar field accounting for more than 91% of 

the total exergy destruction of the plant in all cases analyzed; however, the proportion of the exergy destruction between 

the boiler and solar field changes from the design point to annual analysis. Due to the low solar fraction, the boiler of the 

hybrid-cases works most of the time though the year, leading to a yearly exergy destruction ratio larger than 70 % both 

in Phoenix and Barreiras. Both locations present, in general, similar results. The previously presented results show that a 

significant amount of fuel can be saved by introducing the CSP technology to the ethanol industry while maintaining 

good technical performance, indicating that the proposed solution is technically feasible for both locations studied. 

Nevertheless, to gauge the real prospects of implementation, it is necessary to perform a further financial evaluation. 
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APPENDIX A 

 

Table A.1 contains the equations used to calculate the cogeneration cycle's destroyed exergy and exergetic 

efficiency and its components. The numbering of the exergy flows at Table A.1 follows the same order as indicated in 

Fig. 1. 

 

Table A.1.  Exergy destruction and exergetic efficient equations of the components and cycle 

 

Component Destroyed Exergy Exergetic Efficiency 

Boiler 𝑩̇𝒅,𝒃𝒐𝒊𝒍𝒆𝒓 = 𝑩̇𝒄𝒐𝒎𝒃 + 𝑩̇𝟐𝟕 − 𝑩̇𝟐𝟖  𝜺𝒃𝒐𝒊𝒍𝒆𝒓 =
(𝑩̇𝟐𝟕−𝑩̇𝟐𝟔)

𝑩̇𝒔𝒐𝒍𝒂𝒓
  

Solar Field 𝑩̇𝒅,𝑺𝑭 = 𝑩̇𝒔𝒐𝒍𝒂𝒓 + 𝑩̇𝟑𝟎 − 𝑩̇𝟑𝟏  𝜺𝑺𝑭 =
(𝑩̇𝟑𝟏−𝑩̇𝟑𝟎)

𝑩̇𝒔𝒐𝒍𝒂𝒓
  

Turbine 1 𝑩̇𝒅,𝒕𝒖𝒓𝒃𝟏 = 𝑩̇𝟏 + 𝑩̇𝟐 − 𝑩̇𝟏𝟏−𝑾̇𝒕𝒖𝒓𝒃𝟏  𝜺𝒕𝒖𝒓𝒃𝟏 =
𝑾̇𝒕𝒖𝒓𝒃𝟏

(𝑩̇𝟏−𝑩̇𝟑−𝑩̇𝟏𝟏)
  

Turbine 2 𝑩̇𝒅,𝒕𝒖𝒓𝒃𝟐 = 𝑩̇𝟐 + 𝑩̇𝟑 − 𝑾̇𝒕𝒖𝒓𝒃𝟐  𝜺𝒕𝒖𝒓𝒃𝟐 =
𝑾̇𝒕𝒖𝒓𝒃𝟐

(𝑩̇𝟐−𝑩̇𝟑)
  

Piping 1 𝑩̇𝒅,𝒑𝒊𝒑𝒆𝟏 = 𝑩̇𝟑 − 𝑩̇𝟒  𝜺𝒑𝒊𝒑𝒆𝟏 = 𝟏 − (
𝑩̇𝒅,𝒑𝒊𝒑𝒆𝟏

𝑩̇𝟑
)    

Piping 2 𝑩̇𝒅,𝒑𝒊𝒑𝒆𝟐 = 𝑩̇𝟏𝟏 − 𝑩̇𝟏𝟐  𝜺𝒑𝒊𝒑𝒆𝟐 = 𝟏 − (
𝑩̇𝒅,𝒑𝒊𝒑𝒆𝟐

𝑩̇𝟏𝟏
)  

Atemperator 1 𝑩̇𝒅,𝒘𝒊𝒏𝒋𝒆𝒕𝟏 = 𝑩̇𝟓 + 𝑩̇𝟐𝟒 − 𝑩̇𝟔  𝜺𝒘𝒊𝒏𝒋𝒆𝒕𝟏 = 𝟏 − [
𝑩̇𝒅,𝒘𝒊𝒏𝒋𝒆𝒕𝟏

(𝑩̇𝟓+𝑩̇𝟐𝟒)
]  

Atemperator 2 𝑩̇𝒅,𝒘𝒊𝒏𝒋𝒆𝒕𝟐 = 𝑩̇𝟏𝟐 + 𝑩̇𝟐𝟑 − 𝑩̇𝟏𝟑  𝜺𝒘𝒊𝒏𝒋𝒆𝒕𝟐 = 𝟏 − [
𝑩̇𝒅,𝒘𝒊𝒏𝒋𝒆𝒕𝟐

(𝑩̇𝟏𝟐+𝑩̇𝟐𝟑)
]  

DDGS Dryer 𝑩̇𝒅,𝒅𝒓𝒚𝒆𝒓 = 𝑩̇𝟏𝟑 + 𝑩̇𝟏𝟒 − 𝑩̇𝒕𝒉,𝒅𝒓𝒚𝒆𝒓  𝜺𝒅𝒓𝒚𝒆𝒓 =
𝑩̇𝒕𝒉,𝒅𝒓𝒚𝒆𝒓

(𝑩̇𝟏𝟑−𝑩̇𝟏𝟒)
  

Ethanol Production 

Processes 
𝑩̇𝒅,𝒆𝒑𝒓𝒐𝒅 = 𝑩̇𝟔 + 𝑩̇𝟕 − 𝑩̇𝒕𝒉,𝒆𝒑𝒓𝒐𝒅  𝜺𝒆𝒑𝒓𝒐𝒅 =

𝑩̇𝒕𝒉,𝒆𝒑𝒓𝒐𝒅

(𝑩̇𝟔−𝑩̇𝟕)
  

Steam Trap 1 𝑩̇𝒅,𝒔𝒕𝒓𝒂𝒑𝟏 = 𝑩̇𝟕 − 𝑩̇𝟖  𝜺𝒔𝒕𝒓𝒂𝒑𝟏 = 𝟏 − (
𝑩̇𝒅,𝒔𝒕𝒓𝒂𝒑𝟏

𝑩̇𝟖
)  

Steam Trap 2 𝑩̇𝒅,𝒔𝒕𝒓𝒂𝒑𝟐 = 𝑩̇𝟏𝟒 − 𝑩̇𝟏𝟓  𝜺𝒔𝒕𝒓𝒂𝒑𝟐 = 𝟏 − (
𝑩̇𝒅,𝒔𝒕𝒓𝒂𝒑𝟐

𝑩̇𝟏𝟒
)  

Condensate Tank 𝑩̇𝒅,𝒄𝒕𝒂𝒏𝒌 = 𝑩̇𝟏𝟔 + 𝑩̇𝟏𝟕 − 𝑩̇𝟏𝟖  𝜺𝒄𝒕𝒂𝒏𝒌 = 𝟏 − [
𝑩̇𝒅,𝒄𝒕𝒂𝒏𝒌

(𝑩̇𝟏𝟔+𝑩̇𝟏𝟕)
]  

Deaerator 𝑩̇𝒅,𝒅𝒆𝒔𝒆𝒂 = 𝑩̇𝟗 + 𝑩̇𝟏𝟗 − 𝑩̇𝟐𝟎  𝜺𝒅𝒆𝒔𝒂𝒆 = 𝟏 − [
𝑩̇𝒅,𝒅𝒆𝒔𝒂𝒆

(𝑩̇𝟗−𝑩̇𝟏𝟗)
]  

Condensate Pump 1 𝑩̇𝒅,𝒑𝒖𝒎𝒑𝟏 = 𝑩̇𝟏𝟖 + 𝑾̇𝒑𝒖𝒎𝒑𝟏 − 𝑩̇𝟏𝟗  𝜺𝒑𝒖𝒎𝒑𝟒 =
(𝑩̇𝟏𝟗−𝑩̇𝟏𝟖)

𝑾̇𝒑𝒖𝒎𝒑𝟏
  

Condensate Pump 2 𝑩̇𝒅,𝒑𝒖𝒎𝒑𝟐 = 𝑩̇𝟐𝟏 + 𝑾̇𝒑𝒖𝒎𝒑𝟐 − 𝑩̇𝟐𝟐  𝜺𝒑𝒖𝒎𝒑𝟒 =
(𝑩̇𝟐𝟐−𝑩̇𝟐𝟏)

𝑾̇𝒑𝒖𝒎𝒑𝟐
  

Condensate Pump 3 𝑩̇𝒅,𝒑𝒖𝒎𝒑𝟑 = 𝑩̇𝟐𝟔 + 𝑾̇𝒑𝒖𝒎𝒑𝟑 − 𝑩̇𝟐𝟕  𝜺𝒑𝒖𝒎𝒑𝟒 =
(𝑩̇𝟐𝟕−𝑩̇𝟐𝟔)

𝑾̇𝒑𝒖𝒎𝒑𝟑
  

Condensate Pump 4 𝑩̇𝒅,𝒑𝒖𝒎𝒑𝟒 = 𝑩̇𝟐𝟗 + 𝑾̇𝒑𝒖𝒎𝒑𝟒 − 𝑩̇𝟑𝟎  𝜺𝒑𝒖𝒎𝒑𝟒 =
(𝑩̇𝟑𝟎−𝑩̇𝟐𝟗)

𝑾̇𝒑𝒖𝒎𝒑𝟒
  

Cycle 𝑩̇𝒅,𝒄𝒚𝒄𝒍𝒆 = ∑ 𝑩̇𝒅  𝜺𝒄𝒚𝒄𝒍𝒆 =
𝑾̇𝒕𝒖𝒓𝒃𝟏+𝑾̇𝒕𝒖𝒓𝒃𝟐+𝑩̇𝒕𝒉,𝒆𝒑𝒓𝒐𝒅+𝑩̇𝒕𝒉,𝒅𝒓𝒚𝒆𝒓

𝑩̇𝒃𝒊𝒐𝒎𝒂𝒔𝒔,𝟑𝟒+𝑩̇𝒔𝒐𝒍𝒂𝒓+𝑾̇𝒑𝒖𝒎𝒑𝟏+𝑾̇𝒑𝒖𝒎𝒑𝟐+𝑾̇𝒑𝒖𝒎𝒑𝟑+𝑾̇𝒑𝒖𝒎𝒑𝟒
  

 


