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Combined Heat and Power (CHP)
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Combined Cooling, Heat and Power (CCHP)
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é..andrefrigerationeffect

üEffective way to reduce Primary Energy consumption & CO2 emissions

üAdvantageous for Electric Power Distribution system,

üNo Construction of New Large Power Plants & High Voltage Network

üReliability, Peakshaving, Power quality, liberalization of electricity market
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Technologies: Size & Application Families

Load/Customer
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üMicro, 50kWel

üSmall Scale,  < 1MWel

üLarge Scale

òNon-Standardòloads

Family (e.g. 1kWel), Small industries/Artisans

éeventuallywith largevariations Unforeseeable

ñStandardò loads:

Several Families, Tertiary sector, Small industries/Artisans, Foreseeable

District Heating/Cooling

Extra challenges due to both pressure & thermal load losses

Industrial Processes,  Case-Specific!

- Temperature the heat is required

- N of Temperature levels the heat is required

- Thermal loads small dependency on the season

Eventually unforeseeable! 

e.g. Oil & Gas, 

Project SNAM Recompression Power Stations

(Large size & small number e.g. <200 units represent > 20% of Italian Th.Power, about 75GW)



Technologies: Size & Application Families

Electric efficiency
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Technologies: Size & Application Families 

(Electric & Thermal efficiency)
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e.g. Small and Micro CHP
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CCHP Challenges

üLarger InvestmentCosts

üNot SimultaneousRequest of Electric Power & Heat

üBureaucracy & deep knowlege of the Legislation, Gas & Power Tarifs

Vary on hourly basis & depend on monthly/yearly consumption!

üTemperature Level ......

Different Level Different Unit & Thermal Efficiency

More than one Level/Downgrade

StorageéThermal/Cooling Load Power!

Optimal Design & SchedulingPage 8



Co-generative Units Characterization,
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ỉExperimental Measurements 

ỉThermodynamic cycle calculation (each point),



High Level of Detail for Units Characterization
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Nominal Conditions
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ñTwo-degrees-of-freedomò units
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ñThree-degrees-of-freedomò units

e.g. Natural Gas Combine Cycle with Post Firing
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vs. ñWhite Boxò approach!



ñThree-degrees-of-freedomò units

e.g. Natural Gas Combine Cycle with Post Firing
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Performance curves NON Smooth
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é..e.g. gasturbine(dependson thecontrolstrategy)

ñNaturanon facit saltusòé.sometimes yes, but it is unusual



e.g. Solid Oxyde Fuel Cell (SOFC)
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Non-Concave Functions 
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Performance curves highly NON Linear
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éé..e.g. HeatPump/PartLoad
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Performance Strong Temperature Dependency
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Air Cooled Heat Pump

Evaporator Temperature = Tamb,

NOT a variable

Tamb reduction

Å< cycle efficiency

Å< mass flow compressor
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Performance Strong Temperature Dependency

Water cooled Heat Pump

Evaporator Temp,

may receive heat from CHP system

çtwo-degrees-of-freedomè!!
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45 C
Usefull Effect

Y = (X1 ,X1)

Air  vs. Water

Electric
Power, X1

Recovered
Heat, X2

ỉTemperature as a ñsecond-degree-of-freedomò



Integrated Energy Infrastuctures Conceptual Layout 
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Problem Statement: 

Optimized Management of a CCHP System

Page 20

Other known parameters:
ỉ Time-dependent ambient Temperature 

ỉ Time-dependent Price of Electricity (Sold and Purchased)

ỉ Units (engines, boilers, chillers, heat pumpsé) performance curves

ỉ é

Objective: minimization of Daily/Weekly Costs of Operation

#
ȟ

ὅǪ
ȟ

# Ⱦ
ȟ

ᶸ %
ȟ

Fuel 

Consumed
Operation & Maintenance

(Hours, Energy input, Start-up)

Extra Fuel/Electricity

required for start-up
Electricity 

Sold/Purchased

Given the Customer demands:
ỉ Time-dependent Electrical Load 

ỉ Time-dependent Cooling, High and Low Temperature Heating Load

ỉ é

Given the set of Equipment units:
ỉ n1 Prime Movers (Gas Turbines, Internal Combustion Engines, etc)

ỉ n2 Auxiliary Boilers, n3 Heat Pumps, n4 Compression Chillers, n5 Absorption Chillers 

ỉ Low temperature storage tank with fixed capacity

ỉ é



Problem Statement: 

Optimized Management of a CCHP System

Objective: Minimization of Daily/Weekly Cost of Operation (linear)

Decision Variables, each time period: 

Units Operative Variables, Units On/Off status (Binary Variables), Heat Storage 

Level, Thermal Power Downgraded, Sold/Purchased Electricity

Main Constraints: 

ỉ Satisfaction of heat and cooling load demands (linear)

ỉ Max and Min load of each unit (linear)

ỉ Max number of start-ups per day (linear)

ỉ Energy balance of heat storage tank (linear)

ỉ Performance curves of equipment units (Non-Linear, typically Non-Convex)

Challenging Mixed Integer Non-Linear Problem (MINLP)!!!

Heuristic Model
Mathematical Model

MILPMINLP

Page 21
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ỉ Heuristic/Multi -Step

lack of

- Guarantees to find the global optimum

- Effective large scale solvers,

LINEARIZE it into a Mixed Integer Linear Program (MILP) 

So as to use more robust and effective MILP solvers (e.g., CPLEX, GUROBI)

L.Taccari,E.Amaldi, A.Bischi, E.Martelli (2015).ñShort-termplanningof cogenerationenergysystemsviaMINLPò,bookchapterfromòAdvancesand

Trendsin Optimizationwith EngineeringApplicationsò. Societyfor Industrial andAppliedMathematics(SIAM)

L.Taccari, E.Amaldi, A.Bischi, E.Martelli.òShort-termplanningof cogenerationpowerplants: a comparisonbetweenMINLP andpiecewise-linearMILP

formulationsò. Computer Aided ChemicalEngineering,Volume37, 2015, Pages2429-2434

ỉ MINLP

ỉ MILP

A.Bischi, S.Campanari,A.Castiglioni,G.Manzolini, E.Martelli, P.Silva, E.Macchi,ñTri-Generationsystemsoptimization: comparisonof heuristicand

mixedintegerlinearprogrammingapproachesò. ASME Turbo Expo 2014

A.Bischi, E.P®rezȤIribarren, S.Campanari,G.Manzolini, E.Martelli, P.Silva, E.Macchi, J.M.P.SalaȤLizarraga. ñCogenerationSystemsOptimization:

Comparisonof Multi -StepandMixed IntegerLinearProgrammingApproachesò,International Journal of GreenEnergy(2016)

Set of pre-defined Plant Operating Modes, Nested ñFor-cyclesò saving best hourly results

Challenging with respect to several CHP units & NO accurate Storage (too many combinations)

A.Bischi, L.Taccari,E.Martelli, E.Amaldi, G.Manzolini, P.Silva, S.Campanari,E.Macchi (2014).ñAdetailedMILP optimizationmodelfor

combinedcooling,heatandpowersystemoperationplanningò. Energy,Volume74, IssueC, 2014, Pages12-26



PieceWise Linear (PWL) Approximation 
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modelsò,OperationalResearchLetters,38 (2010) 39-46

Fuel

~

Valve Opening

1st

2nd

╠

Wel,ST

Cogenerated Heat

Mixed Integer Non Linear Problem (MINLP)



PWL Computational Performance

Page 24

24h

Weekly below/about 1% MILP-gap in one minute

é.good but not enough!

ÅHeat storage up to 2000% higher computational time!

on a yearly basisas

ÅWeekly problems with one hour time step i.e. 168

e.g. six ñone-degree-of-freedomòunits + thermal storage ranges

1000 5000seconds, with 5000astime limit & 0,01% MILP-gap!

Ὥ ρ Integerpereachtime-step

ÅNumber of variables; 
e.g. 6000 Integer, 14000 real and 20000 constraints:

Intel Xeon with E5-2690V2 @3.0GHz CPUs and 8GB 

of RAM limit imposed for the tests, with eight cores 

éndegrees of freedom and i intervals



Superposition Principle:

Integer variables reduction & ñN-degrees-of-freedomò
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Useful effect [-]

1st Input effect

2nd Input effect

Polynomial

Constant term

2

25

2

1421322110 xCxCxxCxCxCCU +++++=

2x
1x

U

Ὥ ρ Ὥ ρFrom

éndegrees of freedom and i intervals

éto Integer variables

ÅA.Bischi, S.Lico, T.Cortigiani, G.Manzolini, P.Silva, E.Martelli (2016),ñScheduling optimization of Combined Heat and Power units with multiple degrees

of freedom based on the superposition principleò, ECOS 2016 ïProceedings of the 29th International Conference on Efficiency, Cost, Optimization,

Simulation and Environmental Impact of Energy Systems, June 19-23 2016,Portoroģ, Slovenia (Extension to journal under preparation).



Superposition Principle:

Integer variables reduction 
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Eliminate the mixed term by linearly transforming the control variables!
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Q, PolynomialQuadraticTermMatrix:
Å Symmetric

Å Diagonalizableto avoidmixedterm

ὼὗὼ ὦὼ ὧ

By meansof theorthogonalQ eigenvectorsmatrixM

ÅA.Bischi, S.Lico, T.Cortigiani, G.Manzolini, P.Silva, E.Martelli (2016),ñScheduling optimization of Combined Heat and Power units with multiple degrees

of freedom based on the superposition principleò, ECOS 2016 ïProceedings of the 29th International Conference on Efficiency, Cost, Optimization,

Simulation and Environmental Impact of Energy Systems, June 19-23 2016,Portoroģ, Slovenia (Extension to journal under preparation).



Startup & Shutdown Constraints 

/ Commercial Stirling Engine ïLaboratory

Page 27

AdditionalNG consumption

Lower electricityoutput

 Ŀ cpĿ ( ThotïTcold)

Thermal Power

G.Valenti, S. Campanari, P. Silva,A.Ravid¨, E. Macchi, A. Bischi.ñOn-off cyclic testingof a micro-cogenerationStirling

unitò,EnergyProcedia(2015), pp. 1197-1201DOI information: 10.1016/j.egypro.2015.07.152


