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Energy conversion system integration

François Marechal



Where are we ?

✓Energy efficiency project evaluation
✓DT min
✓Heat recovery
✓Heat exchanger network design
• Integrating the energy conversion units
• Exergy analysis of the energy conversion 

system
• How can mathematical programming help us
• Evaluate energy efficiency projects



Energy conversion system

Utilities

Figure 1: Production site : representation as an energy conversion system
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Grand composite curve/Heat cascade

• Corrected temperature domain
• Graphical plot of the heat cascade : [ Rr, T*r] r=1,nr

Hot Utility : 6854 kW
Self sufficient 
"Pocket"

Ambient temperature
Cold utility : 6948 kW

Refrigeration : 1709 kW 250
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The Grand composite is the heat cascade representation in the corrected temperature domain. it represents the flow of energy in the system 
from higher temperatures to lower temperature. Above the pinch point is also represents the heat-temperature profile of the heat to be 
supplied to the system and below the pinch it represents the heat-temperature profile of the heat available in the process and to be removed 
from the system.
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Supplying energy to the process

Hot Utility : 6854 kW
Self sufficient 
"Pocket"

Ambient temperature
Cold utility : 6948 kW

Refrigeration : 1709 kW 250
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Figure 4: The Grand composite curves for computing the plus-minus heat load

change may be used to relocate a requirement around the pinch point. Decreasing the pressure
of a fluid to be evaporated or increasing the pressure of a stream to be condensed will relocate
respectively a cold stream from above to below the pinch temperature or a hot stream from
below to above the pinch temperature. The changes (especially the pressures) obviously must
remain compatible with the process unit operations in the flowsheet.

Not only the temperature level, but also the heat cascade has to be considered in this analy-
sis.The grand composite curve of the process (Figure 4) gives useful insight in order to evaluate
the interest of modifying the operating conditions. Each modification will be useful if it does
not create a new pinch point, otherwise part of the expected energy savings will not be realised.
Considering that the pinch point divides the system into two independent sub-systems, the ap-
plication of the ”plus-minus” principle will have the e�ect of adding heat to and subtracting
heat from the corresponding sub-system. The grand composite curve is the plot of the heat
cascaded as a function of the corrected temperatures defined by ((Rr, T ⇥r ),�r = 1, ..., nr + 1).
Since the heat cascade has still to be satisfied, the maximum heat (Q̇(+)) that can be subtracted
from one temperature interval (r(�)) and send back to another (r(+)) will be obtained by solving
Eq. 1. This equation is also valid for the transfer of the cold streams from above to below the
pinch point. The mechanism that is explained here is illustrated graphically in the Figure 4.

Q̇(+)
r(+) = min((min

r
(Rr),�r = nr + 1, ..., r(+)), (min

r
(Rr),�r = r(�), ..., 1)) (1)

In the onion diagram, the operating pressure in the separation units will be of major impor-
tance. Distillation column typically introduces two streams with nearly constant temperature
: the reboiler defines a cold stream with a higher temperature, while the condenser defines a

8

T*[K]

The heat requirement of the process appears as a cold stream to be heated by a hot utility stream 
whose Q-T* profile should be above the process Grand Composite
Self sufficient zones are eliminated
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Grand composite curve => Heat cascade representation
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Figure 2: Hot and Cold Composite Curves

Figure 3: Grand Composite Curve
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T*n+1

T*k

Q

T*

Adding a utility stream at constant temperature

Rr

Heat from the hot streams 
between T*r+1 et T*r

Heat to the cold streams 
between Tr+1 and Tr

hot streamsr�

jr=1

Ṁjrcpjr
(T �

r+1 � T �
r )

cold streamsr�

ir=1

Ṁircpir
(T �

r+1 � T �
r )

Q̇+
ut(T

�
r+1)

Rr+1 � Q̇+
ut(T

�
r+1)

Rr = Rr+1 + Q̇+
ut(T

⇤
r ) +

nHotStreamsX

hr=1

Ṁhr
cphr

(T ⇤
r+1 � T ⇤

r )

�Q̇�
ut(T

⇤
r )�

nColdStreamsX

hr=1

Ṁcrcpcr (T
⇤
r+1 � T ⇤

r )

Rr � 0 ⇤r ⇥ {1..nr}

+1

 max when  = 0·Q+
ut(T*r ) Rr
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Exergy value of the utility heat load @ Tr
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Figure 2: Hot and Cold Composite Curves

Figure 3: Grand Composite Curve
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T*2 = Best T for 20 kW of Hot utility

Self sufficient zone : 
heat of hot streams between T*1 and T*2 
= heat of cold streams between T*1 and T*2

T*1

T*2

˙E+
ut(T

⇤
r ) = Q̇+

ut(T
⇤
r ) · (1�

T0

(T ⇤
r +�Tmin/2)

)

Exergy value of Q(T)

 max when  = 0·Q+
ut(T*r ) Rr



Question

• Explain the use of the grand composite curves 
to define the energy conversion system of an 
industrial process.



Utility integration principle

Grand composite curve 
 = cold stream

GCC = hot stream

Heat sink

Heat source

Self sufficient zones 
Exchange process -> process
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Multiple utilities

Self sufficient
ZoneHot utility

LP steam
MP steam

Utility pinch point

Cold utility

Cooling water Utility pinch point
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Refrigeration

Maximise the use of the cheapest utility



Question

• Explain the integration of combustion and the 
conditions under which the efficiency can be 
improved using air preheating.

• Explain how the cost of energy is calculated, 
and how the fuel flow can be calculated.



Supplying heat by combustion

CvHwSxOyNz

All the expressions are molar expressions

1 kmol of a compound corresponds to 6,022·1026 molecules
or atoms (number of Avogadro, universal constant).

fuel air

Combustion gases

λa : air excess

(
v + w

4 + z + x� y
2

0.21
) ⇥ (1 + �a) ⇥ (0.21O2 + 0.79N2)

vC + vO2 = vCO2

wH +
w

4
O2 =

w

2
H2O

zN + zO2 = zNO2

xS + xO2 = xSO2

(
v + w

4 + z + x� y
2

0.21
) ⇥ (1 + �a) ⇥ (0.79N2) + (

v + w
4 + z + x� y

2

0.21
) ⇥ (�a) ⇥ (0.21O2) + vCO2 +

w

2
H2O + zNO2 + xSO2

If the heat of reaction is used to heat up the 
combustion gases, the combustion gases reach the 
adiabatic temperature of combustion



Boiler efficiency calculation

T

Fumes (Chimney)

Q̇gc = ṁgc

Z Tch

T0

cpgc(T )dT

Hot gases losses

Q̇ch = Q̇fuel + ˙Qair � (Q̇r + Q̇gc)
Useful heat depends on the temperature of the heat requirement

Q̇rRadiative losses (1-2%)
Tadr

Q̇r =

Z Tad

Tadr

ṁgccpgc(T )dT ⇡ 2% ·
Z Tad

T0

ṁgccpgc(T )dT

Fuel

O2 (air)

Q̇fuel = ṁfuel(LHVfuel + ĥfuel(Tfuel))

ĥfuel(Tfuel) =
Z Tfuel

T0

cpfuel(T )dT + ↵fuel�hvap(Tfuel)

Q̇air = ṁair(ĥair(Tair))
Air inlet

Q̇+
air = ṁ+

air(hair(Tair)� hair(T0))

Tad

Q̇ch

Boiler useful heat

cpgc(T ) =
niX

i=1

xi ⇤ (ai + biT + ciT
2 + diT

3)

Q̇ch =

Z Tadr

Tch

ṁgccpgc(T )dT ⇡ ṁgcc̄pgc(Tadr � Tch)

Tch

Q
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Utility stream definition

T

H

Type of utility (e.g. : Hot stream)

Outlet conditions (T,P)  
 (environment, operation)

• H-T diagram 
• Cost as a function of flowrate 
•Specific Investment [CHF/year/Flowref] 
•Specific Operation [CHF/kg*kg/s/Flowref]*[s/year] 

=> Flow [kg/s = mult* Flowref] to be determined to satisfy 
the requirements at Minimum Costs.

inlet conditions (T, P)  
 (fuel type, combustion , operation)



Utility flow definition

0 20 40 60

T*(K)

Q(kW)

-20

QMER

Utility cost : C(CHF/s) = cost(CHF/kg) * flow(kg/s) 

T*ad

T*stack

Increasing flow

Infeasible

DTmin = minimum flow



Different fuels

For the same MER !!!

0 20 40 60

T*(K)

Q(kW)

-20

Q2

Q1

Energy available or excess

Different utility heat 
loads

Utility 1 : C1 = cost 1 * flow 1 

Utility 2 : C2 = cost 2 * flow 2

T*ad2
T*ad1



COMBUSTION INTEGRATION : Plus-Minus

0

500

1000

1500

2000

2500
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Stack temperature

Condensation 

T Pinch

Air excess
less heat available
more heat losses

Stoechiometric

AIR PREHEATING
More heat available above the pinch point (plus-minus)

With air preheating



Question

• Explain the principle of the integration of a 
combined heat and power production unit.



Cogeneration system : Energy Balance

Q̇
� = ⌘thṀfuelLHV

Ė
� = ⌘eṀfuelLHV

ṀfuelLHV

Ecole Nationale des Ponts et Chaussées – Projet de fin d’Etudes 

Monika Dumbliauskaite – Département Génie Civil et Construction 62 

27310273102731027310
1118550160

373.5432337.5373.5 t LkWkWkW
++++ 

≅−⋅+−⋅≅ 

 

The use of steam at 123°C to supply heat to the process generates therefore around 

170kW of exergetic losses. This corresponds to 160kW of mechanical work which could be 

generated through the use of reversible Rankine cycles operating between T*
steam and T*

process. 

Therefore, it is necessary to reduce as much as possible the temperature difference between 

the process and the utilities in order to lessen the exergy losses resulting from the heat transfer 

between the utility streams and the corresponding process streams. 

Solutions allowing the improvement of the present configuration of the utilities are 

studied in the following paragraphs. 

3.1.4 Integration of a Cogeneration Engine 

The integration of a cogeneration engine is a sustainable solution known to reduce the 

operating costs, as the combined heat and power system produces both mechanical power and 

heat by taking advantage of fuel combustion. 

A reciprocating engine fed with natural gas is considered in this study (see Figure 38). 

It appears to be the most relevant technology, as it is possible to recover heat from both 

exhaust gases and cooling water, which can be used in low temperature processes like 

breweries. 

 

Figure 38: Cogeneration Installation (Internal Combustion Engine)  
Source: Model GE-Jenbacher type 3, www.gejenbacher.com 

 

 

Q̇�
losses = (1� �e � �th)ṀfuelLHV

CAPEX = A+B · (Ė�)c



Profitability  of a cogeneration system

• + Operating costs (CHF/s -> CHF/an)

• + Investments (CHF -> CHF/an)

• - Revenue (CHF/s -> CHF/an)

ICcog = (
i(1 + i)nyex

(1 + i)nyex � 1
)Iinst

Avoided cost

Ṁ+
fuel · c+

fuel · t + Maint + hmpcmp

The benefit of the system mainly depends on the negociated prices 
for Electricity (net balance to be considered) and heat 

Net Export revenue

mp : men power

i : expected interest rate
nyex : expected number of years of 
operation

Ė� · c�e · t+ Q̇� · c�q · t� Ė+ · c+e · t� Q̇+

⌘thb

· c+fuelb · t

Importance of the operating time : t



Cogeneration : gas turbines

0 20 40 60

T*(K)

Q(MW)
-20

Energy available or excess

ToT

Gas

Air
P1

P2

H

S

€ 

˙ E =ηGTe * ˙ m fuel * LHVfuel

€ 

˙ m fuel =
max

k

˙ Q merk
ηGTth * LHV fuel

(ToT −T
stack
min )

* ToT −max T
stack
min , Tk

* + ΔTmin /2 f( )( )% 
& ' 

( 
) * 

% 

& 

' 
' 
' 
' 
' 

( 

) 

* 
* 
* 
* 
* 

€ 

T
stack
min

€ 

ηGTe = 30 − 38%

ηGTtgc
= 55 − 47%

ηGT = 85%

CAPEX = 1000  - 2500 CHF/kWe 
Size = 50000 - 1000 kWe

700°C

1400°C
P = 15 bar

=> 120°C



Cogeneration engines

0 20 40 60

T*(K)

Q(MW)
-20

Energy available or excess

Fuel

Air

V1

V2

H

S

€ 

˙ E =ηENGe * ˙ m fuelENG * LHVfuel

€ 

T
stack
min ≈120°C

€ 

Tcg ≈ 500°C

€ 

Tcg

€ 

Tc
€ 

˙ Q cg =ηENGtcg
* ˙ m fuelENG * LHV fuel

€ 

˙ Q c =ηENGtc
* ˙ m fuelENG * LHVfuel

€ 

Tc ≈ 80 − 90°C

CAPEX = 800  - 4000 CHF/kWe 
Size = 10000 - 100 kWe

=> 120°C

Combu
sti

on g
ase

s

Engine cooling

⌘e = 35%

⌘tcooling = 30%

⌘tcg = 25%

⌘total = 80� 90%



Combined heat and power

Example : Rankine cycle

Condensation

Heat source

Heat sink

Pump

Vaporisation

Turbine

E

WHeat sink

Condensation

Vaporisation

Heat sourceT

H

Carnot : Ėmax = Q̇ ⇤ (1� Tcond

Tvap
)

Ė = ⌘Carnot · Q̇hot · (1�
T̃low

T̃hot

)

⌘Carnot ⇡ 0.55

Q̇low = Q̇hot � Ė

Carnot Factor between the high (source) and the low (sink) temperature of the source can be used to 
approximate the mechanical power production. The 0.55 efficiency with respect to Carnot is a good 
aproximation. Mean temperatures are logarithmic mean temperatures.
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Steam network integration

fl
ue

 g
as

es

Process 1 Process 2

HRB

C

Cooling system

Figure 17: Steam distribution network as a way of realising process streams heat exchange and
converting available exergy from a process

24
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Q3-W
W

Q4

Q3

Combined heat and power

T*

Q1

Q2

€ 

˙ Q 3 −W + ˙ Q 4 = ˙ Q MER
Coldu − ˙ W 

New Cold Utility

New Hot Utility
Q̇loss + Q̇1 + Ẇ + Q̇2 = Q̇Hotu

MER
+ Ẇ

⌘e =
Ẇ
�Q̇
⌘b

=
Ẇ
Ẇ
⌘b

= ⌘b

Marginal efficiency

Above the pinch
Below the pinch

Ambient temperature

Q [kW]

Ẇ (T ) = ⌘Carnot · Q̇(T ) · (1� T0

T
)

Qloss

W

Q1+W

ṁfuel · LHVfuel =
(Q̇1 + Ẇ )

⌘b
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Combined heat and power

Q+W

T*

Q

€ 

˙ Q 
MER
Hotu + ˙ W + ˙ Q 

€ 

˙ Q MER
Coldu + ˙ Q 

W

Marginal efficiency

⌘e =
Ẇ

�Q̇/⌘b

=
Ẇ

(Q̇+Ẇ )
⌘b

Q [kW]

ṁfuel · LHVfuel =
(Q̇+ Ẇ )

⌘b

Identical to non 
integrated power 
production



How to integrate mechanical power production ?

Q+W

W

Q

0

Q

W

Q+W

Q+W

Q

W

T F10+W

F9-Q

F8-Q

F7

F6

F5

F4

F3

F2

F1

F10

F9

F8

F7

F6

F5

F4-Q-W

F3-Q-W

F2-W

F1-W

F10+(Q+W)

F9

F8

F7

F6

F5+Q

F4+Q

F3+Q

F2+Q

F1+Q

Above the pinch point : 
1 thermal kW  

 = 
1mechanical kW 

Below the pinch point : 
1 cold utility kW  

 = 
1 mechanical kW 

Across the pinch point: 
Separate production

≥ 0 !!!

≥ 0 !!!

The pinch constraints limit the CHP production
The cogeneration unit integrates a hot and a cold stream in the heat cascade. The flow will therefore be 
limited by the activation of a utility pinch point. This pinch point will define the maximum combined 
production of heat and electricity for the selected system.



• Explain the calculation of the investment and 
the benefits that result from a combined heat 
power production unit.



• Explain the conditions of integration of heat 
pumping systems.



Heat pump and refrigeration

CONDENSATION
HIGH  TEMPERATURE 

EVAPORATION
LOW TEMPERATURE

COMPRESSOR EXPANSION
VALVE

Cold utility T

Q

Heat source

Heat sink

COP =
·Q−

h
·E+

=
1

ηCarnot
⋅

T̃h

T̃h − T̃c

·E+

·E+

·Q−
h

·Q+
c

T̃c

T̃h



Heat pumping always from below to above the pinch

T

Q+W

Q

€ 

˙ Q 
MER
Hotu − ( ˙ Q + ˙ W )

€ 

˙ Q MER
Coldu − ˙ Q 

W
Q̇(+)

Q̇(�)

Q̇(+) = Ẇ+ + Q̇(�)

Ẇ+

Figure 6: Representation of a compression heat pump

the system. This means also that a heat pump may be profitable in one process configuration and
not when the same process is considered as integrated in the production site. More specifically,
when a heat pump is placed above the pinch point temperature, it is indeed equivalent to an
electric heater since both Q̇(+) and Q̇(�) concern the same sub-system, the di�erence Ẇ+ being
the only energy input in the sub-system. Moreover, when Q̇(+) is delivered below the pinch
point temperature, the electric power of the heat pump is added to the exothermic sub-system,
therefore it will just increase the cooling requirement of the system.

Q̇(+)
r(+),r(�) = min((min

r
(Rr),⇥r = nr+1, ..., r(+)), ((1+

(T (+) � T (�))
T (�)�Carnot

)(min
r

Rr,⇥r = r(�), ..., 1)))

(3)

with
�Carnot the e⇥ciency of the heat pump with respect to the reversible heat pump
T (+) the temperature of the hot stream of the heat pump that supplies heat to the

process at the temperature Tr(+) of the heat cascade
T (�) the temperature of the cold stream of the heat pump that takes heat from

the process at the temperature Tr(�) in the heat cascade
In reality, the hot and cold streams in the condenser and the evaporator do not have a

constant enthalpy-temperature profile. The equation 3 will therefore be adapted to account for
such heat transfer profiles. In such situation, more detailed models applying linear programming
methods (e.g. Eq. 6) will be used.

3.2 Other types of heat pumps

Heat pumping e�ect can also be obtained by mechanical vapour recompression applying
again the ”plus-minus” principle. A hot stream initially to be condensed below the pinch temper-
ature will be relocated partly in the heat sink by using a compressor that will raise the condensing
temperature above the pinch point.
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Heat excess

Heat sink

Flow activated by pinch point



Q

Miss placed heat pumps : above or below the pinch

T

W
Q+W

€ 

˙ Q MER
Coldu + ˙ W 

Above pinch point

Below pinch point

Electric heater

Electric heater of the environment

€ 

˙ Q 
MER
Hotu − ( ˙ W )

W

Q+W

Q



Question

• Explain the integration of a refrigeration system 
in an industrial process.

• Explain how to calculate the investment and 
explain how to calculate the cost of the 
refrigeration service supply



Refrigeration

T

€ 

˙ Q c + ˙ Q r + ˙ W = ˙ Q MER
Coldu + ˙ W 

W
Qc

Qr+W

Ambient T

Qr

Increasing the flow of the cold water



Refrigeration cycle integration

C/W

1

2

(a)

T A
Tamb B

D

E

C

F
12

Qr

H(b)

Single stage cooling

C/W

1

2

T A
Tamb B

D

E

C

F
12

Qr

H(d)

34

(c)

4

Two stages cooling

1

2

T A
Tamb B

D

E

C

F
12

H(f)

34

56
78

B'

D'

(e)
6

5

7

8

3

4

C/W

Three stages cooling
+ condensation

2

2

The system integration plays here an important role. Refrigeration consume high value energy (electricity) it 
therefore requires careful integration. The solutions explained above show that there are a lot of options for the 
refrigeration system integration, including the choice of the fluids, the operating conditions and the system 
configuration

Two stages with intermediate cooling (system 
integration) 
Two stages allows to not recompress a fluid that 
is already vapour in the intermediate pressure)

The 3 stages presented has the 
equivalent of a heat pump at D-C 
level that allow to use cooling at 
higher temperature (B’) and 
therefore with lower compression 
cost.



Estimating the cost

C/W

1

2

(a)

T A
Tamb B

D

E

C

F
12

Qr

H(b)

W1

W2

Q2=Qr

Q1 : Qamb

1
τ ⋅ (k1l−v ⋅ Vl−v

k2l−v + k1e ⋅ ·Q1
k2e + k1e ⋅ ·Q2

k2e + k1c ⋅ ·W1
k2c + k1c ⋅ ·W1

k2c) + celec ⋅ top ⋅ ( ·W1 + ·W2)
·Q2 ⋅ top

in[CHF/kWh]

Flows are defined activation by heat cascade pinch points

Investment of equipments [CHF/year] Cost of electricity [CHF/year]

Cold services delivered in [kWh/year]

Vl−v


