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Combined Heat and Power (CHP)

Rational use of primary energy generating simultaneouslyheat,
electric/mechanicgbower Conventional

CHP Large!!
Losses Power generation & Transport
e.g.40 60%

Power Plant

Losses e.g. 10 25%

Electric Energy

Prime Mover

Boiler

Losses
e.g. up to 10%

Skoltech
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Combined Cooling, Heat and Power (CCHP)

é ..andrefrigerationeffect

Electric Power 35

Example
Total
Efficiency
73%

Fuel 100

Heat Losses 17
Heat Losses 10

I Effective way to reduce Primary Energy consumption & CO, emissions

I Advantageous for Electric Power Distribution system,
I No Construction of New Large Power Plants & High Voltage Network

I Reliability, Peakshaving, Power quality, liberalization of electricity market

Skoltech
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Technologies: Size & Application Families

L oad/Customer

O Nent a n doads d O
.. : Family (e.g. 1kWel), Smallindustries/Artisans
u Micro, 50kWe| —d € eventuallywith largevariations Unforeseeable

AnStandardo | oads:
Several Families, Tertiary sect@mallindustries/Artisans, Foreseeabl
—
F

District Heating/Cooling
Extra challenges due to both pressure & thermal load lo

Industrial Processe<;aseSpecific!

. - Temperature the heat is required

u Small Scale, QMWH — - N of Temperature levels the heat is require
- Thermal loads small dependency on the sea

Eventually unforeseeable!
e.g. Oil & Gas,
Project SNAM Recompression Power Station:

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

Skoltech
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Technologies: Size & Application Families

Electric efficiency

Large Scale él ndust
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Technologies: Size & Application Families
(Electric & Thermal efficiency)

?100 e.g. Small and Micro CHP
L>; " e _
c
270 Fuel Cells PAFC and PEM
= sob i
¥ -
L 50 Internal Combustion Engine
O
" 40
"3 Micro Gas Turbine
D 30
L 20 Stirling Engine
10 Thermo Photo Voltaic

OO 10 20 30 40 50 60 70 80 90 100
Thermal Efficiency [%0]

EfueI
PES =(1- ) 1100

E, Q
oace 7 — s Skoltech
g el, ref T[ p th, ref Skolkovo Institute of Science and Technology




CCHP Challenges

U LargerinvestmentCosts

0 Not Simultaneou&equest of Electric Power & Heat

StorageéThermal / Cooling Lo

0 Bureaucracy & deep knowlege of thegislation, Gas & Power Tar
Vary on hourly basis & depend on monthly/yearly consumption!

1 Temperature Level ......
Different Level Different Unit & Thermal Efficiency
More than one Level/Downgrade

$

Page 8 Optimal Design & Scheduling Skoltech



Co-generative Units Characterization,

— )

Experimental Measurements

— )

Thermodynamic cycle calculation (each point),

Fpmi' Exhausts 5) N
Q& EY [kikg K] e |
e ke il> ~. || Prime Mover .~
L= —> (PM)
6 g [kw -
4) E Q HEY [kIkg K] 1‘ Fer

Associate characteristic curves to
eachunit, taking into consideratior

For severaAmbient Temperatures justthefluxesin & out
For severaFuel input, from Minimum to Nominal load

Skoltech
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urbine Pratt & Whitney ST18A

Gas T
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2000

-20
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<

4000
3000 .. -
2000
1000

[Mliemod a1109|3

High Level of Detail for Units Characterization

Skoltech
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N T waegrees-of-f r e e dunnso
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AThree-degrees-of-freedomo units

e.g. Natural Gas Combine Cycle with Post Firing

@ For Heat Recovery Steam Generator (HRSG)
HRSG

Tad BFor vs. fAWhite Bo
|L IFGTCDc:cz#@: SSR

T IFGTCD¢Z¢ SR
-ﬂ-d h Skoltech
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AThree-degrees-of-freedomo units

e.g. Natural Gas Combine Cycle with Post Firing

%10% Per Ambient Temperature[xC]!
0 [kKWh]
E‘ 4.5
=<, | 4-
CT) 3.5
% 3 Valve
S |25 Opening
©
S .. 4,5 x 16[kwWh]
D | 15—
LL]
0’ 8
1 2 3 6 !
x10* 4 5 <104
» Fuel [k
Fuel Post Firing [k\/\/]‘ (kW]

: : : Skoltech
Simulation performed withttps//www.thermoflow.com e



https://www.thermoflow.com/

Performance curves NON Smooth

é ..e.g. gasturbine(depend®n the controlstrategy)

1,2

=—Elactric Power [-]

==High Temperature Thermal Power [-]

- Low Tem perature Thermal P ower [-] /
D_I B %

.-‘—‘_'_.——""‘

\

0,6

0.4

Power relative to Nominal Value [-]

02

0 L L L 1 1 1
05 055 0,6 0,65 07 0,75 0.8 0,35 0,9 0,95 1

Fuel Power relative to Nominal Value[-]

ANaturanonfacitsaltu®é . somet i mes yes, but
Skoltech
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Non-Concave Functions
e.g. Solid Oxyde Fuel Cell (SOFC)

2500
2000 - : r g
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1400 70% ’\; :\; 1500 - ”_‘
< = - ¢
= 1200 60% ? g : "
%5 mo s 2 S 1000 ¢ P
% g 800 0% § g I 0’
% g 600 30% 'g E 500 : " .
52 o o 8 : o Fuel input [W]
. 200 10% g é O : : : I‘ : : : : : : : : : : : : : : : I
of - = . _—ie 0 1000 2000 3000 4000
AC Export Power (W) Potenza di emissione c.a. (W) 1200
Original Source https://www.bluegen.nét 1000 |
- LT HeaW]
800 +
600 ©
400 |
200 .
: Fuel input [W]
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https://www.bluegen.net/

Performance curves highly NON Linear

é e ..eg. HeatPump/Part.oad Usefull

Effect 45 C
Y = (X,X)
Condenser
Electric
1,2 4 Power, X
- 1 1 interval
§:—: @2 intervals Evaporator
o E 0,8 |—Non Linear Curv Ead— —
ERe
@
8_%’ 0,6 / Air vs.
€ o Water
Iq—) g 0.4 ./
S =
O ®
23 0,2
O | | | | | | | | | | | | | | | | | | | | | | | | J
0 0,2 0,4 0,6 0,8 1
Electric Power Consumption Percentage
Skoltech
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Performance Strong Temperature Dependency

>

e

1,2 ¢
1,1
1
09
0,8
07
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02
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O o

Values relative to the nominal-]
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e. g.

He at
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/

/

/

S

—_—

—COP

—Absorbed Electric energy, Full Ld

ad

-10 0

10 20

Ambient Temperature {C]

30

Pump/ Evaporator

Scheduling Application

Air Cooled Heat Pump
Evaporator Temperature =],
NOT a variable

T, reduction
A < cycle efficiency
A < mass flow compressor

Skoltech
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Performance Strong Temperature Dependency

i Temper at ur e -degreeaof-fiirseeeccoanmo

Usefull Effect

Y = (X.%) } 45 C
IANANWANA\
V VvV V
Condenser
X <= Electric
Power, X
Evaporator
AN AN /N / Water cooled Heat Pump
VV VYV Evaporatomemp,
Recovere may receive heat from CHP systt
Heat X Air vs. Water ¢t vdegreeof-f r eedom
1 /2

Skoltech
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Integrated Energy Infrastuctures Conceptual Layout

Lesor | Elettricity 1 ElectricGrid AJ
Stor, y : - :
Fuel | joreee L .2 O e O
. ., . 0“ E .
iy | g A oreraiors] Che
Electricity E, : E + efrigerator/s, .comp
—_— Heatp;:nrqnn;/s aux * Bos compression [ >
LT heat compression Qhp.comp = H Refrigerator/s,| Lci stor 6'8
e absorption, _>E S
HT heat " E a c LT heat Clrapsir | t s‘i U
—> t 5 B P
: 2 | Refrigerator/s, O |le
Cooling Fag L7 _ LH’StO_r> S o absgrption 5 r
S Aux. Boiler/s, LT |Qne.r - o T heat " |CLR abs 1T
Prime ;" [ Aux. Boiler/s HT|Qagr| 0 = CLys
F MOVGI’SE £ chst,LT
PML] ey ol £
FPM1,2—> < PM1 G)A £ QLT,dis
: B QLT,Ios <
Epmz;-; <A fpm2 Qeog LT : 3
P22 m=—p — | Qur Y & o Qeust
Fonn, | —y & - PM )l \QHT,dis
Foin, 2 se— N J
page 19 Skoltech
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Problem Statement:
Optimized Management of a CCHP System

Given the Customer demands:

i Time-dependent Electrical Load

i Time-dependent Coolindjigh and Low Temperatutdeating Load

e

Other known parameters:

i Time-dependent ambient Temperature

i Time-dependent Pricef Electricity (Sold andPurchased)

i Units (engines, boilers, chillers, heat
o é

Given the set ofEquipment units:

i n, Prime Movers (Ga3urbines, Internal Combustidingines etc

I n, Auxiliary Boilers, n; HeatPumpsn, CompressiorChillers ng AbsorptionChillers
i Low temperature storage tank with fixedpacity

i é

Objective: minimization of Daily/Weekly Costsof Operation

# 6 o # 7 v %

pumpsé)

717 X

Consumed _ _ .
Operation & Maintenance  Extra Fuel/Electricity

Page 20 (Hours, Energy input, Staup)  required for starp

Electricity
Sold/Purchased



Problem Statement:
Optimized Management of a CCHP System

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

Decision Variables each timeperiod:
Units Operative Variables, Units On/Off status Binary Variables), Heat Storage
Level, Thermal Power Downgraded, Sold/Purchased Electricity

Main Constraints:

i Satisfaction of heat and cooling load demandsiriear)
i Max and Min load of each unit (inear)

i Max number of start-ups per day (inear)
i
i

Energy balance of heat storage tankigear)
Performancecurves of equipment units Non-Linear, typically Non-Convex)

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

Mathematical Model Ab Heuristic Model
MINLP Jb MILP
Skoltech
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i Heuristic/Multi -Step

Set of predefined Plant Operating Modes N e s t-ceydc IndF0¢ s avi ng
Challenging with respect to several CHP units & NO accurate Storage (too many comb

A.Bischi, S.CampanariA.Castiglioni, G.Manzolini, E.Martelli, P.Silva, E.Macchi, fiTri-Generationsystemsoptimization comparisonof heuristicand
mixedintegerinearprogramminga p p r o aASMEeTairbo Expo 2014

A.Bischi, E.P ® rdribarren, S.Campanari,G.Manzolini, E.Martelli, P.Silva, E.Macchi, JM.P.Sald.izarraga i C 0 g e n eSysteimsOptimization
Comparisorof Multi-StepandMixed IntegerLinearProgrammingA p p r o alotérratsoral Journal of GreenEnergy (2016

i MINLP
lack of

- Guarantees to find the global optimum
- Effective large scale solvers

L.Taccari,E.Amaldi, A.Bischi, E.Martelli (2015. fi S h-mmplanningof cogeneratiorenergysystemssziaM| N L Babkchapterfromo A d v aand
Trendsin Optimizationwith EngineerindA p p | i c. 8dcietydonIsdastrial and AppliedMathematics(SIAM)

L.Taccarj E.Amaldi, A.Bischi, E.Martelli. 6 S h-mmplanningof cogeneratiopowerplants a comparisorbetweenVINLP andpiecewiselinear MILP
f or mu |.&dmiputen/Aded Chemical Engineering,Volume37, 2015 Page4292434

i MILP

LINEARIZE it into a Mixed Integer Linear Program (MILP)
So ado use more robust and effective MILP solvers (e.g., CPLEX, GUROBI

A.Bischi, L.Taccari,E.Martelli, E. Amaldi, G.Manzolini, PSilva, S.CampanariE.Macchi(2014). i AdetailedMILP optimizationmodelfor
combinedcooling, heatandpowersystemoperationp | a n nEnergy,Yolume 74, IssueC, 2014 Pagesl2-26

Skoltech
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PieceWise Linear (PWL) Approximation
Mixed Integer Non Linear Problem (MINLP)

N T wdegreesf-f r e e diotsnOutput & Performancedependon two operative
variableqe.g., extractioncondensingteanturbine)

—
i

_Cogenerated Heat

—

ot
oo

=
Tko
c.

o

(3]

i
o
o

o

o
]
=
o
]

01—

DimensionlesdJsefulleffect [-]
=
o I~

DimensionlesdJsefulleffect [-]
B

1- 1‘— 1 e ]L|: Valve-Opening — %
Inputﬁ-? 0 [ 0.5 input, [
f Cogenerated Heat
Fuel Valve opening
ForEachTemperature! Highly NON linear & Highly dependent on both variables interconnecte

*C.D6 Amb r A kodioS. Martello, 0 P i e c lsear appeoximationof functionsof two variablesin MILP
mo d e OperationaResearch.etters,38 (2010 39-46

Skoltech
Page 23 e ety



PWL Computational Performance

A Weekly problems with one hour time step i.e. 168

e.g. six A o fydegreeof-f r e e duoitsm & thermal storage ranges
1000 5000secondswith 5000astime limit ,01% MILP-gap!

A Heat storage up t#000% higher computationdlme!

A Number of variables;
e.g 6000 Integer, 14000 reahd20000 constraints:

('Q p) Integerpereachtime-step
€ ndegrees of freedom amahtervals

Weekly below/about 1% MIL#ap in one minute
€. good but not enough!

Intel Xeon with E52690V2 @3.0GHz CPUs and 8GB Skoltech
Page 24 of RAM limit imposed for the tests, with eight cores s e



Superposition Principle:

|l nteger vari abl edegreeseal-ti c £ e don mé&

Fro (Q peto ('Q p) Integer variables
é ndegrees of freedom amahtervals
U | Useful effect {] - e
® o
0.8 . ..\“\.

0.6 .}

0.4 .

1 2" Input effect

0240 . t 1stInput effect
ol _ ————s————- — Polynomial
0.8 DEE ¥ Constant term
- s 08 1
02 oo 0.4 0.6
Input,, [-] Input, [-]
X5 X,

U=C,+Cx +CoX, + %"’ C, " +Cox,”

An.Bischi, S.Lico, T.Cortigiani, G.Manzolini, P.Silva, E.Martelli (2016), fScheduling optimization of Combined Heat and Power units with multiple degrees
of freedom based on the superposition p r i n ¢ ECO$ 2046 i Proceedings of the 29t International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, June 19-23 2016, P o r t ,SSlowerja (Extension to journal under preparation).




Superposition Principle:

Integer variables reduction

Eliminate the mixed term by linearly transforming the control variables!
Y 6 60 60 6o 6w 60 Wi O ®

Q, PolynomialQuadraticTerm Matrix:
A Symmetric
A Diagonalizablgo avoid mixedterm

By meansf theorthogonalQ eigenvectorsnatrix M
. [Q 71 w Qw Qo
v [’*Q 0 ] ® Vo Qo
Y O 00 00 00 QO

An.Bischi, S.Lico, T.Cortigiani, G.Manzolini, P.Silva, E.Martelli (2016), fScheduling optimization of Combined Heat and Power units with multiple degrees
of freedom based on the superposition p r i n ¢ ECO$ 2046 i Proceedings of the 29t International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, June 19-23 2016, P o r t ,SSlowerja (Extension to journal under preparation).



Startup & Shutdown Constraints
| Commercial Stirling Engine i Laboratory

25 2
NG flow rate

“ ’\
15 LB h\w [ H‘\M 5
£ [ c
2 ™~ T B 1 d:]
-E& 10 2

5

0 T T T T T T 0

12.00 12.20 12.40 13.00 13.20 13.40 14.00

Lowerelectricity output
AdditionaNGdnsumption

ThermalPower
4 Lcol TrotT Teold)

G.Valenti, S. CampanatriP. Silva,A. R a v jEdMacchi A. Bischi. i O-off cyclic testingof a micro-cogeneratiorstirling
u n i BnergyProcedia(2019, pp. 11971201DOI information 10.1016j.egypra201507.152



