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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
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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.



Grand composite and utility integration

Grand composite curve
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Multiple utilities
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Different fuels

For the same MER !!!
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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



Cogeneration system : Energy Balance

Q̇
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Ė
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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



Cogeneration : gas turbines
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Cogeneration engines
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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
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Figure 17: Steam distribution network as a way of realising process streams heat exchange and
converting available exergy from a process
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How to integrate mechanical power production ?
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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.



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



• Explain the conditions of integration of heat 
pumping systems.



Heat pump and refrigeration
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Heat pumping always from below to above the pinch

T

Q+W

Q
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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
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Refrigeration
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Refrigeration cycle integration
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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.



Technology w with nominal flow

T out
w,i , P out
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ew

Integration of the energy conversion system
• Energy conversion units with unknown flowrates
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by simulation we can generate the hot and cold streams associated to a predefined level of usage (or flow).

the questions are : do I use the technology ? if yes what is the level of usage.



MILP (Mixed Integer Linear Programming) formulation

min
Rr,yw,fw,E+,E−

(
nw∑

w=1

C2wfw + Cel+E+
− Cel−E−) ∗ t

+
nw∑

w=1

C1wyw +
1

τ
(

nw∑

w=1

(CI1wyw + CI2wfw))

nw∑

w=1

fwqw,r +

ns∑

s=1

Qs,r + Rr+1 − Rr = 0 ∀r = 1, ..., nr

Rr ≥ 0 ∀r = 1, ..., nr; Rnr+1
= 0;R1 = 0

nw∑

w=1

fwew + E+ − Ec ≥ 0

nw∑

w=1

fwew + E+
− Ec − E−

= 0

fminwyw ≤ fw ≤ fmaxwyw yw ∈ {0, 1}

E
+ ≥ 0;E− ≥ 0

Subject to : Heat cascade constraints

Electricity consumption Electricity production

Feasibility

Energy conversion Technology selection

Operating cost

Fixed maintenance

Investment

The mixed integer linear programming formulation allows to solve the heat recovery by using the heat 
cascade in the list of constraints, the electricity balance , differentiating import and export and 
considering the cost of the energy resources used in the system. flows in the system are calculated to 
close the energy balance and existence of a energy conversion solution is decided using an integer 
variable. The min and max bounds are used to avoid the usage of technologies that are out of the range 
of their typical application
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Results : Balanced composite curves
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The balanced composite curves include the process and the utility streams. The balance is now 
closed has no magic hot or cold utility is used.
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Hot and cold streams

Sub-set A
Sub-set B : complement

T

QChoose a reference : pinch point of the process streams

The goal is to understand the solutions

Evaluate : the Integrated Composite Curves

The integrated composite curve represent the way a sub-system is integrated with the remaining system.
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Steam network integration
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Figure 17: Steam distribution network as a way of realising process streams heat exchange and
converting available exergy from a process
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Note that for a closed cycle like refrigeration or Rankine, the sum the hot stream - the sum of 
the cold stream is the net mechanical power (i.e. the distance between the two extreme 
points is equal to the mechanical power). Here for the steam cycle. Note that it is therefore 
easy to very that the cogeneration cycle is well located wrt the pinch point.


