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1 Introduction  

The performance of energy generation systems, as other engineering systems nowadays, tend 

to be simulated by employing rigorous or approximate modelling solution, depending on the 

level of detail available and/or required. System simulation of this kind is the calculation of 

operating variables in a thermal system, operating usually in a steady state. System 

simulation presumes knowledge of the performance characteristics of all components, as well 

as relationships describing the properties of the working fluids and/or the operation of 

physical mechanisms. 

Generally speaking, a system is a collection of components whose performance parameters 

are interrelated. System simulation provides means of observing the performance of a system 

by solving simultaneously a rigorous set of well defined equations, assigning values for 

parameters and estimating variables. This system of equations is a model. For an energy 

generation system the equations for performance characteristics of the system components, 

the approximations describing thermodynamic properties, along with energy and mass 

balances, form a set of simultaneous equations relating the operating variables. The 

mathematical description of the system is a model, used for solving these simultaneous 

equations.      

There exists a variety of energy generation systems, based on different technologies. Energy 

generation depends mainly on the energy source one is collecting and/or converting by 

employing a certain technology. Figure 1 categorizes the main energy generation 

technologies, mainly in terms of the kind of energy generated (i.e. heat or electricity). Energy 

technologies transform fuel chemical energy or other available resources into useful energy. 

In the following sections of the report, after an initial evaluation, several energy generation 

technologies are selected, for which a literature review has been performed to identify 

available existing models, either simple or rigorous that can be simplified, and which in the 

end may be applied to simulate the energy system’s performance. Model application has been 

done in Excel environment for simplicity, but the model lot can be implemented in all 

environments. 

Priority has been given to models related to Combined Heat and Power systems, since WP4 is 

mainly concerned which such systems and their local integration.     
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HEAT 

• Direct combustion (W/S 
Boiler/burner, incinerator) 

• CHP (Gas fired RE, Ind. Gas Turbines, 
Microturbines, Thermally activated 
Technol., ICE, FC) 

• CCHP (trigeneration) 

• Renewable (Heat pump, CSP, CHP 
[biogas,syngas]) 

ELECTRIC POWER 

• CHP (Gas fired RE, Ind. Gas Turbines, 
Microturbines, Thermally activated 
Technol., ICE [nat gas, biogas, syngas],FC) 

• PhotoVoltaic 

• Hydro turbine 

• Wind turbine 

• Steam/Organic/Kalina Rankine Cycle 

• Thermoelectric (Peltier, Thompson, 
Seebeck) 

•Solid (Coal, pet coke,...) 

•Liquid (Petroleum, HFO,...) 

•Gas (Nat gas,...) 

Fossil fuels 

•Industrial surplus heat 

•Waste incineration 

•Recycled CHP 

•LP Steam 

Residual 
(waste) 
energy 

•Solar (Thermal,PV/CSP) 

•Wind 

•Biomass/biogas/syngas 

•Geothermal 

•Hydro 

•Biofuel 

Renewables 

Batteries 

Flywheel 

Compressed air 

Pumped Hydro 

Storage vessel 

Underground facilities 

Chemical fuels/ PCMs 

Ice storage (cooling) 

ENERGY SOURCES      ENERGY GENERATION/STORAGE TECHNOLOGIES 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Representation of collection of local energy generation/storage technologies and their possible interconnection to networks

   District Heating Network 
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2 Model Library Collection  

The models presented bellow consist of a set of equations providing for the operation of each 

component of the system modeled. Apart from the equations, engineering references should 

be used by the user for data extraction or estimation from chemical databases containing fluid 

properties. Another source of information the user may find extremely useful is manufacturer 

data for component operational characteristics. Lacking previous information, some 

approximations and short-cuts are provided within the model descriptions bellow.  

The list of models forming the model library are the following : 

¶ Steam/Water Boiler 

¶ Reciprocating engine 

¶ Steam turbine 

¶ Gas turbine 

o Closed Cycle 

o Open Cycle 

o Open Cycle with HSRG 

¶ Rankine cycle 

¶ Kalina cycle 

¶ Fuel cells 

¶ Renewables 

o Solar thermal 

o Solar Photovoltaics 

Some of the models are selected and are already implemented in Excel workbooks to 

demonstrate the workability and effectiveness of the models. For this, a “Flow-chart” 

description is given along with the model, to help the user familiarize better with it’s use. The 

users may interpret the models in any language they are familiar, combining necessary 

databases, and end up with simple design tools. Renewables providing only for electricity 

(e.g. wind or hydro turbines) have not been selected for modeling, since they cannot be 

integrated within a district heating network or local CHP. For fuel cells, since there is a 

connection of stack temperature with current density and power production, controlling stack 

temperature may lead to system optimization and combined heat and power production. 

Renewable energy production employing CHP, such as the case of biogas or syngas use in 

RE units, can also be modeled employing the models presented, since the only difference is 

on the quality and description of the fuel that the user inputs to the model. 
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2.1 Steam/Water Boiler  

 

 

Mathematical model 

 ὖὒὙ
Ͻ

 

 Å &0,2 (from manufacturer or other sources) 

 #
Ͻ

Ͻ
 

 &#
Ͻ

 

Symbols: 

ὖὒὙ Part Load Ratio 

ὌὩὥὸ Heat demand by the consumer/system (kW) 

ὅ  Boiler nominal capacity (kW) 

Ὡ Boiler efficiency at part load (%) 

–  Nominal thermal efficiency (%) 

ὅ Fuel input (kW) 

Ὄ  Fuel specific heat (kJ/unit) 

Ὂὅ Fuel consumption (unit/h) 

 

Sample of steam boiler efficiency for partial loads: 

  

 

 

 

 

 

 

 

 

 

 

Heat load  [%] Boiler efficiency  [%] 

0 0 

2.27 10 

4.55 20.56 

6.82 30.56 

9.66 41.11 

11.65 51.11 

15.06 61.11 

21.59 71.11 

43.47 81.67 

59.66 84.44 

80.68 85.56 

100 86.11 
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FLOW-CHART 

1) Provide HeatD, CN, ηΝ and HF as well as boiler efficiency curve(if available) as input data 

2) Č compute FC using  the File Boiler.xlsm 

 

2.2 Reciprocating engine  
 

 

Mathematical model 
 

Model equations obtained from the literature
1,2 

 

ὡ ὦάὩὴ
ὠὔ

ς
 

ÂÍÅÐ 
ςὄ

ὠ ὔ ὲ
 

ὄ  
“ὔὝ

σπ
 

4 7 2 

ὡ ὲ ὡ   –  

ᵼ –  
  

 

ᵼ –  
 Ў   Ў

 

Symbols: 

ὦάὩὴ Brake mean effective pressure (kPa) 

ὄ  Brake power (kW) 

Ὂ Overall molar flow rate (kmol/s) 

ὒὌὠ  Lower heating value of fuel (kJ/kg) 

ὔ Engine speed (rev/s) 
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ὲ Number of cylinder 

2 Torque arm (m) 

Ὕ Engine torque (Nm) 

ὠ Displacement volumn (m
3
) 

ὠ Swept volumn (m
3
) 

ὡ  Shaft work per cylinder (kW) 

7  Brake load (N) 

– Electrical efficiency 

–  Generator efficiency 

– Thermal efficiency 

 

Reciprocating Engine typical performance characteristics based on vendor data  

 

 

  

PERFORMANCE CHARACTERISTICS OF 

VARIOUS CHP SYSTEMS

Tecogen                        

U100

Waukesha 

VHP3604

GE Jenbacher 

J312

GE Jenbacher 

J416

Waukesha 

VHP9500

GE Jenbacher 

J620

Baseload Electric Capacity (kW) 100 540 633 1121 1475 3326

Electrical Heat Rate (kJ/kWh), HHV 13332 9710 10412 9774 9147 8919

Electrical Efficiency (%), HHV 27 31,4 34,5 36,9 33,7 40,4

Engine speed (rpm) 2500 1000 1800 1800 1200 1500

Fuel Input (kW) 369 1720 1835 3042 4376 8241

CHP Characteristics

Exhaust flow (kg/h) 544 2270 3579 6205 9625 28263

Exhaust Temperature (oC) 649 618 505 425 406 383

Total Heat Recovered (kW) 196 717 815 1266 1540 3126

Form of Heat recovered Hot H2O Hot H2O Hot H2O Hot H2O Hot H2O Hot H2O

Total Efficiency (%)  1 80,1 73,1 78,9 78,5 68,9 78,3

Thermal Output / Fuel Input (%) 53,1 41,7 44,4 41,6 35,2 37,9

Power/Heat Ratio  2
0,51 0,75 0,78 0,89 0,96 1,06

1   Total CHP Efficiency = (net electric energy generated + net thermal energy recovered)/total engine fuel input
2   Power/Heat Ratio = (CHP Electric power output)/(useful thermal output)
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2.3 Steam turbine  
 

Boiler

Condenser

Turbine

Pump

1

2

3

4

Fuel,
Air

Exhaust gas

 

Mathematical model 
 

Model equations derived based on the above diagram for a steam turbine. 

άὬ  ά Ὤ   ά Ὤ ά Ὤ  ά Ὤ  
ά ὒὌὠ

–
 

ὗ  άὬ  Ὤ  

ὡ  άὬ  Ὤ –  

ὡ  
άὬ  Ὤ

–
 

ὡ  ὡ  ὡ  

ᵼ –  
 

 

 

Symbols: 

È Specific enthalpy of i-th stream (kJ/kg) 

ЎὬ Specific enthalpy difference of i-th stream (kJ/kg) 

ЎὬ  Hydrogen enthalpy based on the lower heating value (kJ/kg) 

ὒὌὠ  Lower heating value of fuel (kJ/kg) 

ά  Mass flow of i-th stream (kg/s) 

ὗ Heat flow of i-th stream (kW) 

ὗ  Heat input (kW) 

ὗ  Heat output (kW) 



EFENIS 296003 Deliverable 4.2 Page 10 of 31 

 

ὡ  Shaft work used in pump (kW) 

ὡ  Shaft work generated in steam turbine (kW) 

– Electrical efficiency 

–  Steam turbine efficiency 

– Pump efficiency 

 

 

Additional information
4,5

 used to calculate steam boiler (in the boiler model) and steam turbine 

(bellow) efficiencies for use in the above model is provided. 

 

Steam turbine efficiency 

 

 

2.4 Gas turbine  
 

A) Closed cycle - Brayton 

 

                     

 

Steam turbine 
size [kWe] 

Maximum 
efficiency [%] 

10 2.00 

50 5.00 

100 8.33 

1000 22.25 

10000 36.24 

25000 39.22 

50000 41.37 

100000 42.92 
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Mathematical model 

a) Compression 

 

2, 1

2 1 2,

1

1
2 2 1

2

2 1 , 2

state at same entropy as 1, and pressure as 2.     

    If   1
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b) Transfer from heat source 

 

( ) ( )3 2 , 3 2( ) ( )h in out h h in out p airG h h F h h         (2)     G c T T Fc T T- = - Ý - = -  

 
  
 

c) Expansion    

4, 3

4 3 4,

1

3
4 4 3

4

state at same entropy as 3, and pressure as 4.     

    If   1

(
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isoentrisoentropic

T
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                      W F
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-

-
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h h in out
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                     W W W

W
                       (4)          Efficiency =

G c T T

   

h

- = -
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d) Transfer to cooling medium 

( ) , 4 1( )cooling cooling

c c out in p air(5)      G c T T Fc T T    - = -  

Symbols: 

Isoentropic efficiency of pump (can be approximated by 1)isoentropic

P             h .

Isoentropic efficiency of turbineisoentropic

T             h (can be approximated by 1) .  
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 ,               Temperatures of  heating fluid  

Flowrate of  heating fluid

Specific heat of  heating fluid

 ,    Temperatures of  co

in out

h

h

cooling cooling

in out

T T

G                      

c                       

T T

min 6 1

oling fluid  

Flowrate of  cooling fluid

Specific heat of  cooling fluid

Minimum value of  

                    

c

c

cooling

in out

G                      

c                       

T                  T -T  and T T

F

D -

   Flowrate of  air

Pressure after compression

Pressure after expansion

Mechanical power

h                 

l                  

p             

p             

W                        

 

h,s,p,T  indicate  enthalpy,entropy,pressure and temperature of air at various positions of the cycle. 

 

FLOW-CHART 

1) Accept Gh, Tin, Tin
cooling

 as input data 

2) For every choice of  Tout,T1, ph, pl, F, Gc  

3)  Č compute T2, T3, T4,  Tout
cooling 

,
 h  from equations (1)-(2)-(3)-(4) -(5)  using  the   

“Brayton_closed” worksheet of the File gas_engines.xls 

4) Let Tout,T1, ph, pl, F, Gc vary over the feasible range until is maximized.   

 

Instead of  an economic objective function could be chosen. Costs and sizes of the two heat 

exchangers (which can be evaluated from the temperatures calculated) and of the turbine would be 

required for the computation of the objective function. 

 

 

B) Open cycle 

          

 

Mathematical model  

a) Compression 
11

1
2 2 1 1

2

2 1 , 2 1( ) ( )

l
1

h

p a a p air

p p
(1)    s s T T T
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b) Combustion 

( )

( )

3 2

3 2

in g flue

in

c a flue

Q F c T T

Q
(2)      T T

F F c

= -

= +
+

 

 

c) Expansion  

( )

( )

11

3
4 4 3 3

4

3 4 3 4( ) ( )

h
3

l

T g g flue
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p p
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       Symbols: 

Isoentropic efficiency of compressor (can be approximated by 1)isoentropic

P             h

 Isoentropic efficiency of turbineisoentropic

T             h (can be approximated by 1) 

                       Lower heating value of  the fuel

                       Flowrate of  air

                       Flowrate of  fuel

                       Flowrate of  flue gas

c

a

c

g

h                

Q

F

F

F

p Pressure after compression

Pressure after expansion

Mechanical power

 

l                  

            

p             

W                        

 

T, h, s   indicate temperature, enthalpy and entropy of the working fluid at various  

   positions of the cycle. 

 

 

FLOW-CHART 

1) Accept  Fc,, Fa,, ph, pl  as input data 

2) Compute inQ   from the lower heating value of the fuel, using the subroutine HEATVAL 

(attached in Appendix). 

3) Set T1  º Tambient   

4) Compute T2 , T3 ,T4,h   using the using  the  “Brayton_open” worksheet of the File 

gas_engines.xls 

5) If the resulting value of h is not acceptable adjust ph, pl    
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C) Open cycle with HSRG 

 

Condenser

Gas 
turbine Pump

Steam
turbine

HRSG

Fuel

Air

1 2

3 4

5

67

8

 

Mathematical model 
 

Model equations derived based on the above diagram of a gas turbine. 

ὡ  
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ὗ  ά Ὤ  Ὤ  

ὡ  ά Ὤ  Ὤ –  

ὡ  
ά Ὤ  Ὤ

–
 

ὡ  ὡ  ὡ  ὡ  

ᵼ –  
  

 

 

Symbols: 

È Specific enthalpy of i-th stream (kJ/kg) 

ЎὬ Specific enthalpy difference of i-th stream (kJ/kg) 

ὒὌὠ  Lower heating value of fuel (kJ/kg) 

ά  Mass flow of i-th stream (kg/s) 

ὗ Heat flow of i-th stream (kW) 

ὗ  Heat input (kW) 
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ὗ  Heat output (kW) 

ὡ  Shaft work used in compressor (kW) 

ὡ  Shaft work generated in gas turbine (kW) 

ὡ  Shaft work used in pump (kW) 

ὡ  Shaft work generated in steam turbine (kW) 

ὡ  Shaft work generated in turbine (kW) 

ὡ  Net shaft work output from system (kW) 

– Compressor efficiency 

– Electrical efficiency 

–  Fuel efficiency 

–  Gas turbine efficiency 

– Pump efficiency 

–  Steam turbine efficiency 

 

Reference data for gas turbines from the literature6 which can be used for comparison. 

GE Generator Drive Product Line 

Model Fuel 
ISO Base 

Rating (kW) 

Heat Rate 
(kJ/kWh) 

Exhaust flow 
(kg/hr) x10-3 

Exhaust Temp 
(degree C) 

Pressure 
Ratio 

PG5371 (PA) 
Gas 26,070. 12,721 446 485 10.6 

Dist. 25,570. 12,847 448 486 10.6 

PG6581 (B) 
Gas 42,100. 11,223 525 543 12.2 

Dist. 41,160. 11,318 526 544 12.1 

PG6101 (FA) 
Gas 69,431. 10,526 742 574 14.6 

Dist. 74,090. 10,527 772 582 15.0 

PG7121 (EA) 
Gas 84,360. 11,054 1070 536 12.7 

Dist. 87,220. 11,550 1093 537 12.9 

PG7241 (FA) 
Gas 171,700. 9,873 1605 604 15.7 

Dist. 183,800. 10,511 1672 591 16.2 

PG7251 (FB) 
Gas 184,400. 9,752 1613 623 18.4 

Dist. 177,700. 10,522 1677 569 18.7 

PG9171 (E) 
Gas 122,500. 10,696 1484 543 12.6 

Dist. 127,300. 11,202 1520 539 12.9 

PG9231 (EC) 
Gas 167,200. 10,305 1871 557 14.4 

Dist. 179,800. 10,928 1944 547 14.8 

PG9351 (FA) 
Gas 255,600. 9,757 2318 608 15.3 

Dist. 268,000. 10,464 2418 597 15.8 
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2.5 Rankine cycle  
 

 

Mathematical model 
 

Model equations derived based on the above diagram for a Rankine cycle 

ὗ  άὬ  Ὤ  

ὗ  άὬ  Ὤ  

ὡ  άὬ  Ὤ – 

ὡ  
άὬ  Ὤ

–
 

ὡ  ὡ  ὡ  

ᵼ –   

 

Symbols: 

È Specific enthalpy of i-th stream (kJ/kg) 

ЎὬ Specific enthalpy difference of i-th stream (kJ/kg) 

ά  Mass flow of i-th stream (kg/s) 

ὗ  Heat input (kW) 

ὗ  Heat output (kW) 

ὡ  Shaft work used in pump (kW) 

ὡ  Shaft work generated in turbine (kW) 

ὡ  Net shaft work output from system (kW) 

– Electrical efficiency 

– Turbine efficiency 

– Pump efficiency 

 

 

Additional information obtained from the literature7, typical numbers used in Organic Rankine Cycles. 
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Organic rankine cycle efficiency 

Working fluid Ὕ ᴈ  ὖ -0Á 
Boiling point 
ᴈ  

ὖ  

-0Á 

ὖ  

-0Á 
ʂ Ϸ  

n-pentane 196.6 3.37 36.1 0.1157 0.9067 12.6 

Benzene 288.9 4.894 80.1 0.0244 0.3002 14.1 

n-butane 152 3.796 -0.6 0.379 2.213 12.1 

n-hexane 234.7 3.034 68.7 0.0373 0.3998 12.8 

Isobutane 134.7 3.64 -11.7 0.531 2.84 11.3 

Isohexane 224.6 3.04 60.2 0.0507 0.4911 12.6 

Isopentane 187.2 3.396 27.8 0.1515 1.086 12.4 

n-perfluro-
pentane 

147.4 2.045 29.8 0.1459 1.192 9.9 

R113 214.1 3.392 47.6 0.0783 0.6807 13 

R123 183.7 3.662 27.8 0.1545 1.199 13 

R141b 204.4 4.212 32.1 0.1329 1.033 13.4 

R236ea 139.3 3.502 6.2 0.3377 2.357 11.4 

R245ca 174.4 3.925 25.1 0.1735 1.435 12.5 

R245fa 154 3.651 15.1 0.2505 1.928 12.1 

R365mfc 186.9 3.271 40.3 0.1005 0.9324 12.4 

Toluene 318.6 4.126 110.6 0.0079 0.1314 14 

 

 

2.6 Kalina cycle  
 

Evaporator

Condenser

Turbine

Pump

Separator

1

2

3

4

5

6

7
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Mathematical model 
 

Model equations derived based on the above diagram for a Kalina cycle 

ὡ  ά Ὤ  Ὤ – 

ά  ά  ά  

ά Ὤ  ά Ὤ  ά Ὤ 

ὗ  ά Ὤ  Ὤ  

ὡ  
ά Ὤ  Ὤ

–
 

ὗ  ά Ὤ  Ὤ  

ά  ά  ά  

ά Ὤ  άὬ  ά Ὤ 

ώ  ὑὼ 

Ὂᾀ ὠώ ὒὼ 

ὡ  ὡ  ὡ  

ᵼ –   

 

Symbols: 

Ὂ Overall molar flow rate (kmol/s) 

È Specific enthalpy of i-th stream (kJ/kg) 

ὑ K-value of i-th stream 

ὒ Liquid molar flow rate (kmol/s) 

ά  Mass flow of i-th stream (kg/s) 

ὗ Heat flow of i-th stream (kW) 

ὗ  Heat input (kW) 

ὠ Vapor molar flow rate (kmol/s) 

ὡ  Shaft work used in compressor (kW) 

ὡ  Shaft work used in pump (kW) 

ὡ  Shaft work generated in turbine (kW) 

ὡ  Net shaft work output from system (kW) 

ὼ Mole fraction of component i in liquid phase 

ώ Mole fraction of component i in vapor phase 

– Electrical efficiency 
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Additional information about typical Kalina cycle efficiencies8. 

- Optimal ammonia-water composition 

Turbine inlet T ᴈ  100 150 200 250 

Pressure ÂÁÒ 62.5 107.6 129.7 178.1 

Mole fraction Ammonia 1 0.949 0.886 0.738 

Water 0 0.051 0.114 0.262 

Efficiency – Ϸ  13.16 15.87 16.85 17.66 

– Ϸ  16.08 18.14 18.62 19.13 

 

- Optimal methanol-water composition 

Turbine inlet T ᴈ  250 250 

Pressure ÂÁÒ 77.2 50.0 

Mole fraction Ammonia 0.73488 

Water 0.26512 

Efficiency – Ϸ  16.74 15.97 

– Ϸ  18.14 17.3 

 

 

2.7 Fuell cells (PEM)  

                      

 
Mathematical model 
 

a) Evaluation of  electric current  

( )
( )4 / s

   
32

 

oxygenFM Kg
    I mAmp                       F=96485.3399=
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b) Open circuit voltage at the cell temperature 

 

0 ( )
  

2

 

fG T
    E                       

F

D
=

 

 

 
 
 

c) Correction for pressure (Nernst equation) 

2 2 2 2

2 2

2 2 2
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d) Computation of actual voltage 

0

( ) ln ln 1n n
n

l

i i i i
V E i i R A B

i i

å õ å õ+ +
= - + - + -æ ö æ ö

ç ÷ ç ÷
 

 
 

Constant Definition Average Value 

A Slope of  Tafel curve 0.06 V 

B mass transfer over voltage constant 0.05 V 

R specific resistance 0.03 W.cm
2 

in intemal current density 2 mAcm
-2 

il limiting current density at the electrode 900 mAcm
-2 

i0 exchange current density 0.067 mAcm
-2 

 

 
 

e) Voltage efficiency 

 

E
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f) Computation of power delivered    
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Temperature (°C)      
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Symbols: 

 ,             Oxygen, hydrogen,air flowrates  

Faraday constant

Electric cur

oxygen hydrogen airM M , M    (Kg/s) 

F                                               

I                                                

0

rent 

   Temperature 

( ) Gibbs free energy of  formation of  water f

(mAmp)

T                                            (°C)

G T                                     (kJ/mole)

E                                  

D

Open circuit voltage at standard pressure

Open circuit voltage 

Ac

           

                                            

V                 

  (Volt)

E  (Volt)  

                   

           

         

   

  

  

2

2

tual fuel cell voltage

                                                Fraction of  fuel utilisation

Partial pressure of  water  H O                 

H        

 (Volt)

r

p                                (atm)

p

2

Partial pressure of  hydrogen

Partial pressure of  oxygen

         

O

c

                                   (atm)

p                                             (atm)

P                                            Catode pressure

Anode pressure

Power generated 

a

   (atm)

P                                               (atm)

W                                              (w)

                                            h Voltage efficiency  
 

 

FLOW-CHART 

All computations are carried out sequentially. 
 

2.8 Solar Themal  

 

 

Mathematical model 
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Ὕ
Ὕ Ὕ

ς
 

ὗ άϽὧϽὝ Ὕ ὗ  

 

Symbols: 

ὗ  Usable heat (W/m2) 

ɻ Material absorptance 

† Material trasmittance 

Ὅ Flat plate  - Solar intensity radiation on collector’s aperture (W/m2)  

Trough or dish [Only if     0,1 < ΔΤ/Ιr < 0,5] : 

Ὅ ὧέί—ϽὍȟ, where  

ɗl        Incidence angle (deg) 

Ὅȟ    Direct (beam) irradiance on collector’s aperture (W/m2)  

5  Global losses factor (W/m2 oC)  - Typically between 1 – 30 W/m2 oC 

– Collector efficiency 

Ὕ  Collector average temperature (oC) 

Ὕ Ambient temperature (oC) 

Ὕ Working fluid inlet temperature (oC) 

Ὕ Working fluid outlet temperature (oC) 

Í Working fluid flowrate factor (kg/m2 s) 

Ã Working fluid thermal heat capacity (J/kgoC) 

ὗ Absorbed heat by the working fluid (W/m2) 

 

 

Data for transmittance and absorptance of various materials are given bellow  

 

To calculate the global losses factor, one may also use the empirical relationship: 

Ὗ ὍϽπȟπφχσρȟψσϽρπὍ ςϽρπὍ πȟχφϽρπ Ὅ  
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2.9 Solar PV 

 

Mathematical model 

ὖ πȟππυϽὍ πȟρχφυϽὠ 

ὖ ὖϽρȟπψψπȟππσυϽὝ  

–
ὖ

Ὅ
 

Ὕ
Ὕ Ὕ

ς
 

ὗ άϽὧϽὝ Ὕ  

Symbols: 

ὖ Uncorrected power production (W/m2) 

ὖ Power production corrected for panel temperature (W/m2) 

Ὕ Mean panel temperature (oC) 

Ὅ Flat plate  - Solar intensity radiation on collector’s aperture (W/m2)  

Concentrated solar panel  : 

Ὅ ὧέί—ϽὍȟ, where  

ɗl        Incidence angle (deg) 

Ὅȟ    Direct (beam) irradiance on collector’s aperture (W/m2)  

– Panel efficiency 

Ὕ  Collector average temperature (oC) 

Ὕ Working fluid inlet temperature (oC) 

Ὕ Working fluid outlet temperature (oC) 

Í Working fluid flowrate factor (kg/m2 s) 

Ã Working fluid thermal heat capacity (J/kgoC) 

ὗ Absorbed heat by the working fluid (W/m2) 

Ti 
Te 
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3 Exergetic approach to energy recovery and cogeneration  

Developing thermal systems that efficiently use energy resources, such as retrievable waste 

energy, fossil fuels or renewables is of apparent importance. Effective use is determined with 

both the first and second laws of thermodynamics. Energy cannot be destroyed, while exergy 

(availability) can be destroyed. The idea that something can be destroyed is useful in the 

design and analysis of thermal systems. It is exergy and not energy that properly gauges the 

quality (usefuleness) of, say 1 kJ of electricity generated versus 1 kJ cooling water stream 

energy. The two amounts of equal energy are distinct in terms of exergy, with electricity 

having higher quality (and greater economic value). 

Potential for obtaining useful work exists whenever two systems at different states are 

connected, for in principle work can be developed as the two are allowed to come to 

equilibrium. When one of the systems is considered the environment and the other is some 

system of interest, exergy is the maximum theoretical useful work obtainable as the systems 

interact to equilibrium, heat transfer occurring with the environment only. Exergy is a 

measure of the departure of the state of the system from that of the environment, while it can 

be destroyed and generally is not conserved. Since exergy analysis enables the location, cause 

and true magnitude of waste and loss to be determined, it is better suited for exploiting 

effectively underlying energy potential. Exergy analysis also provides insights that elude a 

purely first-law approach.    

The total exergy
9
 of a thermal system (in the absence of nuclear, magnetic, electrical, 

potential, kinetic and surface tension effects), E, can be divided into two components : 

physical, E
PH

, and chemical, E
CH

, with 

Ὁ Ὁ Ὁ  

where  Ὁ Ὗ Ὗ ὴϽὠ ὠ ὝϽὛ Ὓ  and 

 Ὁ ВὼϽὩӶ ὙϽὝϽВὼϽÌÎ ὼ  

ὟȟὟ  Internal energy at the specified and at the restricted dead state 

ὠȟὠ Volume at the specified and at the restricted dead state 

ὛȟὛ Entropy at the specified and at the restricted dead state 

ὴȟὝ Pressure and temperature at the restricted dead state 

ὼ Molar content of kth  gas in a mixture 

ὩӶ  Standard specific molar exergy of kth gas in a mixture  
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Exergy destruction ED is a function of entropy generation (Ὁ ὝϽὛ ), while the 

exergetic efficiency ε, which is a parameter for evaluating true thermodynamic performance 

of a system, is given as a function of the rates of input and output exergies (‐  ). 

Using the above formulation and combining it with model 2.4C above, one may simulate a 

thermal system and provide estimations of efficiency, as in the example presented in “Cogen 

sytem.xlsm”, which is demonstrating a way to evaluate thermal systems design both under 

exergetic and economic terms. 

The system formulation is presented below : 

 

Where the input parameters are:  
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and the system’s “optimal” state can be identified by changing one parameter from 

compressor pressure ratio component efficiencies and stream temperatures. All streams 

calculations and results are available for the user to elaborate upon. 

 

     
 

The above methodology may be implemented in all situations that need to find a good 

approach to evaluate useful potential, for example for recovering energy from waste heat 

streams in industry by employing e.g. Rankine or Kalina cycle. 

  

4 Conclusion  

This deliverable, under WP4 of the EFENIS project, is concerned with the formulation of a 

library of energy technologies. The library itself consists of a list of simple models for the 

design of energy systems, for ease towards their integration. Several models have been 

selected as more appropriate for integration with a total site energy system, providing local 

energy either as heat or electricity or both. The models themselves are short-cut models (as 

simple possible, while retaining accuracy), ready to be implemented in various software 

environments, along with associated necessary data for their use.    

Demonstration of the models’ operation are given in Excel workbooks, while a template and 

example of efficient sources energy recovery has been demonstrated, through an exergetic 

approach, involving a selected sample model.  
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APPENDIX 

HEATVAL FORTRAN SUBROUTINE 

 

      Real V(20), Z(20), REQUO2(20), STOICO2(20), STOIH2O(20), FLUEC(20) 

      Real al(20), bel(20), gal(20), PM(20), calorgas(20) 

      Real M(4), W(4), FLUEOIL, FLUEOILC(4) 

      Real LC, DLC, GC, DGC 

      Real O2FLR(5), MO2(4), RATO2AIR, AIRFLR, O2FREEFLR, GAINENTHAIR 

      Real FLUEFLR, FLUEGASC(2) 

      Real TEMPINAIR,TEMPOUTAIR,TEMPINFLUE,TEMPOUTFLUE, VOL 

      Real ENTHFLUE, DHAIR 

      Real potcombgas(4)  

 

      Integer NCFGAS 

      Integer i 

 

       DATA NIN,NOUT /1,3/ 

       DATA ZERO,ONE / 0.0, 1.0/ 

       DATA RATO2AIRMOL,RATO2AIRWEI / 0.2101,0.2314/ 

       DATA VOL / 22.414/ 

       DATA potcombgas /35580.,64345.,91400.,118700./ 

 

       Open (NIN,File='input_Data',Status='Unknown') 

       Open (NOUT,file='out',status='unknown') 

cc      

c      Ambient parameters 

 

       PATMOS=ONE 

       TATMOS=295. 

C----------------------------------------------------------------------------------------- 

C    

CCC      ****************************    INPUT DATA   ************* 

CCC      *     Furnace oil mass flow rate and mass percentages of C, H, N, S  

         Read (NIN,*,Err=9999) LC,W(1),W(2),W(3),W(4) 

CCC      ************************************************************* 

c                    [C]+  [O2] --> [CO2] 

        Cm=W(1) 
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        M(1)=W(1)/12. 

c                    [H2]+1/2 [O2] --> [H2O] 

        Hm=W(2) 

        M(2)=W(2)/2. 

c                    [N]+  [O2] --> [NO2] 

        Nm=W(3) 

        M(3)=W(3)/14.  

c                    [S]+  [O2] --> [SO2] 

        Om=0. 

        Sm=W(4) 

        M(4)=W(4)/32.   

c 

CC   Oxygen mole request by furnace oil 

C 

        MO2(1)=M(1)+M(2)/2+M(3)+M(4) 

c 

CC     Calculation of heat power for diesel (Dulong)  KJ/Kg  

C 

       Pci = 32790*Cm + 150400*(Hm - Om/8)  + 9260*Sm  +2420 *Nm 

C__________________________________________________ 

  

CCC      ****************************     INPUT DATA   ****************** 

CCC      1.   Number of components 

CCC      2.   For each component (separating data with a comma) and updating the component numeration:  

CCC              *    volume fraction 

CCC              *    number of atoms of C,H,O  (e.g. CH4 --> 1,4,0) 

CCC      3.   Volume flow rate (NM3/h) 

 

         Read (NIN,*,Err=9999) NCFGAS 

CCC      ************************************************************* 

 

         Do i=1,NCFGAS 

CCC             *        volume fraction and coefficients stoichiometric 

 

          Read(NIN,*,Err=9999)Z(i),al(i), bel(i), gal(i) 

           

CCC      ************************************************************** 
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         Read (NIN,*,Err=9999) GC 

 

             CALORGAS(I)=0. 

             If (BEL(I).NE.0) THEN 

                IF(AL(I).GT.4) THEN 

                   pcinf=118700./64*(14.*al(i)+bel(i)) 

                   CALORGAS(I)=Z(I)*pcinf 

                ELSE 

                   K=INT(AL(I)) 

                   CALORGAS(I)=Z(I)*potcombgas(K) 

                ENDIF 

             ENDIF    

             PM(i)=al(i)*14+bel(i)*1+gal(i)*16 

             REQUO2(i)=al(i)+bel(i)/4.-gal(i)/2 

             STOICO2(i)=al(i) 

             STOIH2O(i)=bel(i)/2 

        End Do   

 

        S=0. 

        Do i=1,NCFGAS 

           S=S+CALORGAS(I) 

        END  DO 

        CALGASUNIT=S   

C       KJ/m3   of mixture  --> CALGASUNIT    

 

       DUTY=Pci*LC+CALGASUNIT*GC 

       DUTY=DUTY*.001 

       DUTYWATT=DUTY/3600. 

       DUTYCAL=DUTY/4.1868 

              write(nout,1022)DUTY,DUTYWATT,DUTYCAL 

1022     format(//' *************************************************'/ 

     +            ' *       COMBUSTION HEAT  (MJ/h)', F10.3,'       *'/ 

     +            ' *                          (MW)', F10.3,'       *'/ 

     +            ' *                      (Mcal/h)', F10.3,'       *'/ 

     +            ' *************************************************')  
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101 Do i=1,NCFGAS 

           V(i)=Z(i)  

        End Do 

c 

CC   Oxygen mole request by fuel gas 

C 

        MO2(2)=ZERO 

        Do i=1,NCFGAS 

           MO2(2)=MO2(2)+V(i)*REQUO2(i) 

        End Do  

                

C 

CC   Air request from fuel gas and furnace oil (Kg) 

C 

        O2FLR(1)=MO2(1)*32. 

        O2FLR(2)=MO2(2)*32./VOL 

 

        write(nout,*) ' Kg Air per Kg OC ',O2flr(1)/RATO2AIRWEI  

        write(nout,*) ' Kg Air per Nmc FG ' ,O2flr(2)/RATO2AIRWEI 

        STOP 

9999    WRITE(NOUT,*)' Error in input data' 

        STOP 

        END 


