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Content

• Energy system models
• Energy system integration

– Defining the requirement & Resources
– Energy conversion
– Networks integration

•Multi objective environomic optimisation
– Problem statement
– Optimisation strategy
– Optimisation tricks

• Conclusions
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A multi dimension approach
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Problem statementMo4va4on'
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Multi scale approach
Chapter 1. Towards Design of Integrated Urban Energy Systems
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Figure 1.15: Log-log plot of the magnitude of the spatial scale to deal with in urban studies.

Uncertainties Assessment

The Monte Carlo method emerged following the development of electronic computer between
1945-47 at Los Alamos Scientific Laboratory [Metropolis, 1987] and has been directly applied to
the Manhattan Project.
This simulation method [ISO, 2004] allows to propagate the uncertainties on the input param-
eters to generate statistical distribution for the output results. The output error can then be
delimited by confidence interval.

The procedure uses either statistical distribution or random number in intervals, such as effi-
ciencies or floor area to model the uncertain input parameters. Simulations are then performed
on each generated random sample (X1, . . . , Xk )i , i = 1; . . . , sr repeatedly, resulting in an output
sample (Y1, . . . ,Yk )i , i = 1; . . . , sr and a distribution (K ) such as Y ªK , as shown in Figure (1.16).
This method comes at a cost as simulation has to be repeated many times (sr ) instead of a single
one, resulting in a simulation time increased for example from roughly 0.8 second to 2.5 hours
for 10’000 simulations15 performed on the city of Nyon counting 2’100 buildings.

15Performed on a microprocessor Intel®Core™2 Duo Processor E6600 (4M Cache, 2.40 GHz, 1066 MHz FSB)

26
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Energy system design : Industrial Ecology Concepts

• For a given city : select the optimal energy system

– Integration of processes in the urban system

Energy services to be supplied:

‣ Which resources with which technologies for which 
services?

‣ Min. Costs and CO2 emissions

‣ Heat using existing district heating network (seasonal variation in T and load): 3357 
kWhth/yr/cap

Waste to be treated (existing facilities for MSW and 
WWTP):

Available endogenous resources:

‣ Electricity (seasonal variation): 8689 kWhe/yr/cap

‣ Mobility: 11392 pkm/yr/cap

‣ MSW: 1375 kg/yr/cap ‣ Wastewater: 300 m3/yr/cap

‣ Biowaste: 87.5 kg/yr/cap

‣ Woody biomass: 18’900 MWhth/yr

‣ Sun (seasonal variation in T and load): 10‘328 MWhth/yr ‣ Hydro (existing dams): 187‘850 
MWhe/yr

‣ Geothermal: 9496 MWhth/yr

?

?
?

?
?

?
?

40’000 inhabitants city in Switzerland (1000m alt.)
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Superstructure generation and supply chain synthesis

real system 
(includes environment)

action system

R (ressources
/waste)

B (products
/services)

Em (emissions
extractions) I (impacts)

units superstructure
(processes/technologies)

Ui
Unit U
fu, COu, CIu, Iu

U2

U1

U4 Un

average technology
(from LCI database)

U3 Un-1

detailed technology
(!owsheeting software)

S (sources
/sinks)

Process stream (mass, 
heat, electricity)

connections
for supply

chain synthesis

Heat balance

‣ Heat cascade 

Mass balance

‣ Mass balance for each source/sink

Environmental impact

‣ Choose the supply chain 

Gerber, Léda, Samira Fazlollahi, and François Marechal. “Environomic Optimal Design and Synthesis of Energy Conversion Systems in Urban Areas.” Proceedings 
of ESCAPE 22 (2012).
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Input-output models for Swiss Energy System in energyscope.ch

Resources

Legend

Inputs

Optional
Inputs

Outputs

Natural Gas [GW]
NG (CCS) [GW]

Diesel [GW]
Gasoline [GW]

Electricity [GW]

Coal [GW]

LNG [GW]

Oil [GW]
Uranium [GW]

Hydrogen [GW]
Coal (CCS) [GW]

Public Mobility [Mpkm/h]
Private Mobility [Mpkm/h] 

Freight Road [Mtkm/h]

Freight Rail [Mtkm/h]

Wood [GW]
Waste [GW]

Heat Low T DHN [GW]
Heat Low T Decen [GW]
Heat High T [GW]

Wood

Waste

Uranium

Natural Gas

Coal

Oil

Gasoline

Diesel

Elec import

Hydrogen

Demand

End-use 
energy 

demand

%Dhn

1 - %Dhn

%Public

1 - %Public

%Rail

1 - %Rail

Electricity production

Ultra
Supercritical

IGCC

CCGT

Nuclear

PV

Wind

Hydro Dams

Hydro River

Geothermal

Private Mobility

Gasoline Car

Diesel Car

NG Car

Hybrid

Electric Car

Fuel Cell Car

PHEV

Public Mobility

Diesel Bus

Hybrid Bus

NG Bus

Fuel Cell Bus

Trolley Bus

Train/Metro

Deep Geo

Industrial Heat

Elec. heat

Boiler
CHP

Heat Pump
CHP

Boiler

Heat Pump

CHP

Fuel Cell

Solar Th.

Elec. Heat

Export

TrainTruck

Freight

Gasification
to SNG

Pyrolysis

Electrolysis

Reforming

Gasification

PowerToGas

GasToPower

Other technologies

Hydro Dams LNG

Storage

Decentralized Heat

Centralized Heat (DHN)

Boiler

Moret et al., Applied Energy, 2017

http://energyscope.ch
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Linear programming multi period model

Moret et al., Applied Energy, 2017
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MILP model

Moret et al., Applied Energy, 2017
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MILP model

Moret et al., Applied Energy, 2017
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Seasonal operation (independent multi-period)

• Example of summer and winter system operation

1.020 kWe/cap

‣ Seasonal variation in service 
requirement

• Quantity (heat load)

• Quality (temperature)

‣ Seasonal adaptation

• Selection of utilities

• Operating conditions

Summer

Winter
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Biogas engineWood

Optimal pathways and technology selection

• Example of wood in environomic configurations

Boiler

Boiler

Engine

Turbine

Engine

Car

Gasification

SNG 
production

Potential pathways & technologies 
for wood conversion

‣ Limited resource availability

• efficient technologies

‣ Alternatives for producing services (e.g. transport)
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Competitions and synergies

• Example of interaction between MSWI and WWTP in summer 

‣ Usage of waste heat from WWTP

• reduces supplementary requirement

‣ More electricity available from MSWI

• reduces import

‣ Deep aquifer competing with EGS for CHP & Wood to SNG conversion
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In more detail …
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Defining the requirement of a building

•Definition of the energy requirement

– Heating

– Air renewal

– Hot water

– Waste Water

– Air renewal


Text

Tw Twmin

TrTs

Heat demand by building simulation models

Heating 

temperature
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Local heat recovery

-20

0

20

40

60

80

0 50 100 150 200 250 300 350 400

T
(C

)

Q(kW)

AirWaste Water

Heating Hot water

recovery
Recoverable

Heat requirement
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Heat recovery and reuse in a building

-20

0

20

40

60

80

0 50 100 150 200 250 300 350 400

T
(C

)

Q(kW)

AirWaste Water

Heating Hot water

recovery
Recoverable

Heat requirement

COP = 5 to 6

20 kWe

Heat pumping on water supply ?

Heat pumping on waste water

- Heat exchange

- Heat storage

- Water storage

Heat cascade approach (Pinch Analysis)
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Building renovation

Heating Days


Per year:

131

>114

Heat required : - 60%

Nb of days : - 16%

Peak power : - 37 %

Heating temperature :


COP : + 10%

Investment period : constant !

Old
New

Heat load

Appartment block Geneva with air heat pump renovated

Heating 

temperature
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Changing the scale
• Characterizing the services

20

For one building

Seasonal temperature 
variation

Heating signature Heating 

temperature
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System integration
21

For one building

for all the building in the city

Seasonal temperature 
variation

Heating signature Heating 

temperature
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2005
Scenarios:

Cooling range

Composite curve of the Geneva canton
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Integrating the demand : the whole canton
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Minimum cooling power requirement

2005
Scenarios:

Cooling range

4.3. Period dependent requirements using Q–T composites

The time scale is first decomposed into a limited number of
representative periods (P). The definition of the periods depends on
the design problem to be solved. In the case of urban planning, the
variation of temperatures may be compensated by the uncer-
tainties of the data and a multi-period analysis is made over three
periods (winter, mid-season and summer) as shown in Fig. 6. When
a more detailed model is needed, for example for the design of
district network [13], the integration of solar heat or when storage
tanks have to be designed, a higher number of periods like typical
days representation [4] should be applied. The building model
being defined as a function of the outdoor and room temperature,
any time discretization may be applied as soon as the building
model remains valid, e.g. the building structure inertia is not rele-
vant. Considering the building dependent threshold temperatures,
a typical mean temperature Theat

ext;P;c is associated with each building/
category. This is done for each period using equation (11), and
similarly for the cold requirement.

Theat
ext;P;c ¼ min

0

BBBBBB@

Z

t˛P:Text<Theat
tr;c

TextðtÞdt

Z

t˛P:Text<Theat
tr;c

dt
; Theat

tr;c

1

CCCCCCA
(11)

Using the heating signature (3), the hot/cold mean power ð _Qj
P;zÞ is

computed for each period (P) by equations (12) and (13) (see
Table 3). The sum over the different types of buildings defines the
required power of a given area. The equivalent operating time (DP)
of the period for the area is defined as the energy/power ratio (14).

_Qhot
P;z ¼

Xnc

c¼1

!
kheat

1c
$Theat;ext

P;c þ kheat
2c
þ _qhw

c

"
$Ac;z (12)

_Qcold
P;z ¼

Xnc

c¼1

!
kcool

1c
$Tcool;ext

P;c þ kcool
2c

"
$Ac;z (13)

Dj
P ¼

Qj
P

_Qj
P

; j :¼ hot; cold (14)

Considering the list of buildings in a given area and applying
process integration techniques [14], it is possible to compute the
heat–temperature composite curves ðð _Qk; TkÞP ; k ¼ 1;.;nk þ 1Þz,
that defines in each zone the net hot/cold services to be delivered in
a typical period. The heat cascade integrates the hot water
production, the heating and the cooling requirements of all the

intT Q

supplyT returnT

mcpextT

Fig. 4. Heat exchange of the domestic hydronic system.
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Fig. 5. Example of heating distribution curves sized at 65/50 %C for Text, 0¼&6 %C.

Summer Mid-
Season

WinterMid-
Season

T
e
x
t
 [
°
C
]

Fig. 6. Outdoor temperature in Geneva (2005) and periods definition.

Table 3
Heat power requirements _qP;c for residential and administrative buildings.

Category Heating [W/m2] HW [W/m2] Cooling [W/m2]

Summer Mid-
season

Winter Annual Summer Mid-
season

Winter

Resid1 3.71 11.29 27.72 6.26 0.00 0.00 0.00
Resid2 4.27 12.68 30.86 6.26 0.00 0.00 0.00
Resid3 3.98 12.05 29.51 6.26 0.00 0.00 0.00
Resid4 2.89 8.56 21.25 6.26 0.00 0.00 0.00
Resid5 1.33 3.83 9.58 6.26 0.00 0.00 0.00
Resid6 0.89 2.62 6.60 6.26 0.00 0.00 0.00
Resid7 1.18 3.46 8.69 6.26 0.00 0.00 0.00
Resid8 1.75 5.13 12.83 6.26 0.00 0.00 0.00
Resid9 1.62 4.66 11.66 6.26 0.00 0.00 0.00
Resid10 1.85 5.38 13.42 6.26 0.00 0.00 0.00
Admin1 3.73 10.99 27.64 2.09 0.00 0.00 0.00
Admin2 3.72 10.97 27.60 2.09 0.00 0.00 0.00
Admin3 3.96 11.44 28.60 2.09 7.77 4.95 0.00
Admin4 3.35 9.88 24.92 2.09 11.30 7.19 0.00
Admin5 1.92 5.50 14.13 2.09 15.00 9.55 0.00
Admin6 1.55 4.39 11.36 2.09 16.55 10.53 0.00
Admin7 1.76 5.15 13.30 2.09 15.36 9.78 0.00
Admin9 2.30 6.72 17.15 2.09 15.39 9.79 0.00
Admin0 2.19 6.29 16.06 2.09 16.29 10.37 0.00
Admin10 2.41 6.95 17.69 2.09 15.07 9.59 0.00

L. Girardin et al. / Energy 35 (2010) 830–840 835
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The urban system integration

• Multi Energy services

– Electricity

– Heating

– Cooling

– Hot water

– Refrigeration

– Industrial processes


– Heat integration

– Composite curves 

– Heat-temperature diagrams


– thermal distribution


➡Seasonal profiles

•stochastic !


➡Evolution scenarios

➡buildings stock

➡refurbishment
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Heat pumps and local renewable resources

• Local resources
• Air
• Geothermal
• Surface water (lake -river)
• Waste water
• Industry waste heat Neuchatel
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Integrate resources

_E
HP ¼

Xnk"1

k¼1

_Qkþ1 " _Qk
COPk

¼
Xnk"1

k¼1

_Qkþ1 " _Qk

hCOP=
!

1"
DTcold

lm;kþ1;k

DThot
lm;kþ1;k

" (22)

The decentralized heat pumps are computed on the basis of the
hCOP. The hCOP is a function of the resource and therefore of the
technology. The data of Table 4 have been obtained from a heat
pump certification center [17]. The results of the identification are
shown in Fig. 11 for Water/Water heat pumps.

7.2. Distribution temperature evaluation

The composite curves allow to compute the optimal supply
temperatures for the district heat system. In order to maximize the
efficiency of the system and avoid having to size the network to
only satisfy the highest temperature in a zone, we consider that
decentralized heat pumps may be used to locally upgrade the
temperature level of the distributed heat, as illustrated in Fig. 12.
The annual COPz of heat pumping in a zone, defined by the ratio of
the required heat QY,z

hot by the electricity EY,z, is computed by equa-
tion (23). The map of the predicted optimal HP annual COP for 2030
is given in Fig. 13.

COPz ¼
PnP

P¼1 DP
#Pnc

c¼1

# _QP;c;z
$$

PnP
P¼1 DP

!Pnc
c¼1

!PnHP
HP¼1

_E
HP
P;c;z

%% (23)

When considering the combination of centralized and decentral-
ized heat pumps, the optimal heat distribution temperature may be
assessed. For example, Fig. 14 shows the value of the COP in the
different geographical areas drawn as a function of the supply
temperature for the district heating solutions.

7.3. CO2 neutral electricity production

When considering the boiler substitution by the integration of
combined heat and power units, the electricity produced is
attributed an amount of CO2 emissions that corresponds to the
extra amount of natural gas used in the cogeneration unit. This
calculation accounts for the efficiency of the conventional boilers
(hth

boil) and the CO2 factor of the fuel used in the boiler ðf boil
CO2
Þ.

Applying the same principle, one may compute the CO2 savings that
relates to the use of electricity in a heat pump. Combining heat
pumping and combined heat and power production can therefore
be done by using the electrical network as an energy carrier
between the equipments in the system. Considering the amount of
electricity used in a heat pump to compensate the extra amount of
CO2 emitted by the cogeneration, on may compute the net elec-
tricity produced while compensating the CO2 emissions. In our
system, the aggregation method is first used to compute the area
that can be supplied by a natural gas combined cycle (NGCC)
(Natural gas combined cycle) delivering both heat and electricity.
The remaining area is determined by ranking the decentralized HP
COPz to aggregate zones in such a way that the cumulated heat load
of the area compensates the emissions

Pnz
z _mboil

CO2;z ¼ _mCHP
CO2

.
The GIS model also identifies the priority zones for installing the

heat pumps and the combined cycle. This is done by applying the
aggregation mechanism first to the centralized system. The candi-
date areas for the heat pumping systems are then identified among
the remaining areas (Fig. 15).

The fraction of electricity needed to run the heat pumps while
compensating the CO2 emissions is computed by equation (24). If
the electricity used in heat pumping systems in the area is higher
than _E

HP
CO2;0, the polygeneration system that includes heat pumps

and the combined cycle system will correspond to an overall
reduction of CO2 even in areas where the electricity is already
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The detection of zones of utmost importance for district network
development is achieved with the help of indicators of the heat
power density and with estimations of the specific investments
cost of the district heat distribution system (Section 6.1). An MILP
(Mixed integer linear programming) aggregation procedure is
applied to find optimal pathway through the areas, subject to the
constraint of limited availability of renewable energy resources
(Section 6.2).

6.1. Investments estimation

The length of the network (LDHN) is computed by equation (17),
considering the land area (Sz) and the number of buildings (nb). The
district heating supply temperature (T*

supply) and its heat load
ð _Q

DHNÞ are obtained considering a heat loss factor (floss, 0) of 10% for
a given reference supply temperature (TDHN

supply, 0) of 100 &C and
a mean ground temperature (Tground). The pipe diameter (dDHN) is
computed assuming a sizing velocity (vs) of 3 m/s. The specific cost
of the heat distribution (cDHN), shown in Fig. 9, is computed for each
zone by equation (21), typically considering 60 years lifetime for
the annualisation factor of the DHN investment (sDHN). The values
of K, c1 and c2 have been calibrated on data obtained from existing
DHN.
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6.2. Resource limited aggregation

District heating is typically interesting when it allows to access
to endogenous resources, or when it allows to profit from scale
effects of the investment and the efficiency of the technologies. In
both cases, the available capacity ð _Q

maxÞ of the resource or of the
technology requires the calculation of the area covered by a given
technology or a given resource. An MILP aggregation mechanism
has therefore been developed in order to evaluate the best zone to
be covered by a district heating system that has access to a given
resource.

The integer variables of the problem are the existence Nz1 ;z2 ¼ 1
or not Nz1 ;z2 ¼ 0 of a network between neighboring zones (z1, z2)
and the existence Xz¼ 1 or not Xz¼ 0 of a network in a zone. The
application of such algorithm is illustrated by targeting the area
covered by the heat _Q

max '
Pnz

z¼1ðXz$ _Q
DHN
0;z Þ available from WTP

plants (Fig. 10). The area is increased from a given resource location
Xstart by the selection of neighboring zones that minimize the
DHN’s specific costs

Pnz
z¼1ðXz$cDHN

z Þ.

7. Advanced energy conversion system

The interest of the model is to allow for evaluating the inte-
gration of advanced energy conversion systems, like combined heat
and power or heat pumping systems. Such conversion systems have
an efficiency that depends on the temperature level of the heat
requirement and of the resource. One could also imagine district
heating systems where the preheating is first done by a heat pump,
the rest being supplied by a cogeneration unit whose electricity is
used to drive the heat pump.

7.1. Heat pumping resources and performances

The list of possible resources for heat pumping has been first
established. This analysis considers the accessibility of the resource
(for example some areas are not allowed for geothermal drilling
due to the presence of potable water resources). Each area is
therefore attributed a heat pumping resource. The electrical
consumption of the heat pumps is computed from the composite
curves by summing, for each segment [Tk, Tkþ1] of the composite
curve, the consumption given by equation (22).

Table 4
Theorical COP efficiency factors.

Type Size T lm
cold hCOP(2005) hCOP(2030)

Air/water Local Text – 5 0.34 0.38
Ground/water Local 2 0.43 0.48
Water/water Local 3 0.43 0.48
Geostructure/water Local 6 0.43 0.48
Surface water/water Centralized 6 0.55 0.60
WTP/water Centralized 12 0.55 0.60
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Fig. 11. COP efficiencies hCOP¼ COP/COPtheoretical for Water/Water HP.
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The detection of zones of utmost importance for district network
development is achieved with the help of indicators of the heat
power density and with estimations of the specific investments
cost of the district heat distribution system (Section 6.1). An MILP
(Mixed integer linear programming) aggregation procedure is
applied to find optimal pathway through the areas, subject to the
constraint of limited availability of renewable energy resources
(Section 6.2).

6.1. Investments estimation

The length of the network (LDHN) is computed by equation (17),
considering the land area (Sz) and the number of buildings (nb). The
district heating supply temperature (T*

supply) and its heat load
ð _Q

DHNÞ are obtained considering a heat loss factor (floss, 0) of 10% for
a given reference supply temperature (TDHN

supply, 0) of 100 &C and
a mean ground temperature (Tground). The pipe diameter (dDHN) is
computed assuming a sizing velocity (vs) of 3 m/s. The specific cost
of the heat distribution (cDHN), shown in Fig. 9, is computed for each
zone by equation (21), typically considering 60 years lifetime for
the annualisation factor of the DHN investment (sDHN). The values
of K, c1 and c2 have been calibrated on data obtained from existing
DHN.
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6.2. Resource limited aggregation

District heating is typically interesting when it allows to access
to endogenous resources, or when it allows to profit from scale
effects of the investment and the efficiency of the technologies. In
both cases, the available capacity ð _Q

maxÞ of the resource or of the
technology requires the calculation of the area covered by a given
technology or a given resource. An MILP aggregation mechanism
has therefore been developed in order to evaluate the best zone to
be covered by a district heating system that has access to a given
resource.

The integer variables of the problem are the existence Nz1 ;z2 ¼ 1
or not Nz1 ;z2 ¼ 0 of a network between neighboring zones (z1, z2)
and the existence Xz¼ 1 or not Xz¼ 0 of a network in a zone. The
application of such algorithm is illustrated by targeting the area
covered by the heat _Q

max '
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0;z Þ available from WTP

plants (Fig. 10). The area is increased from a given resource location
Xstart by the selection of neighboring zones that minimize the
DHN’s specific costs
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7. Advanced energy conversion system

The interest of the model is to allow for evaluating the inte-
gration of advanced energy conversion systems, like combined heat
and power or heat pumping systems. Such conversion systems have
an efficiency that depends on the temperature level of the heat
requirement and of the resource. One could also imagine district
heating systems where the preheating is first done by a heat pump,
the rest being supplied by a cogeneration unit whose electricity is
used to drive the heat pump.

7.1. Heat pumping resources and performances

The list of possible resources for heat pumping has been first
established. This analysis considers the accessibility of the resource
(for example some areas are not allowed for geothermal drilling
due to the presence of potable water resources). Each area is
therefore attributed a heat pumping resource. The electrical
consumption of the heat pumps is computed from the composite
curves by summing, for each segment [Tk, Tkþ1] of the composite
curve, the consumption given by equation (22).

Table 4
Theorical COP efficiency factors.

Type Size T lm
cold hCOP(2005) hCOP(2030)

Air/water Local Text – 5 0.34 0.38
Ground/water Local 2 0.43 0.48
Water/water Local 3 0.43 0.48
Geostructure/water Local 6 0.43 0.48
Surface water/water Centralized 6 0.55 0.60
WTP/water Centralized 12 0.55 0.60
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Waste water reuse District Heating Perspective

Heating & 
Hot water production, 
Power [MW] at -6°C

5.36 - 11.11 [MW]

2.87 - 5.35

1.08 - 2.86

0.00 - 1.07

Girardin et al., ENERGIS,  A geographical information based system for the evaluation 
of integrated energy conversion systems in urban areas, Energy, 2010
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Industrial Symbiosis : Valorising waste heat
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District heating : infrastructure development

Journée type Janvier - Consommation chaleur normalisée
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Interest of district heating systems

• Size (mutualisation)
– efficiency
– cost

•Higher technicity
• Energy services companies
• Access to local Resources

– Water
– Biomass
– Geothermal

•Optimal Management
– Peak shaving
– Market

2.4 Moteurs à gaz

Les moteurs à gaz concernent des quantités de chaleur et d’électricité plus petites. La figure 11
présente les rendements thermique et électrique d’un moteur à gaz en fonction de la puissance
électrique délivrée par le système. La puissance thermique est délivrée par le refroidissement des
gaz de combustion et par le refroidissement de la culasse du moteur. L’eau de refroidissement du
moteur est en général disponible à une température de 90�C. L’augmentation de cette température
requiert des adaptations du moteur. La même figure présente également le prix spécifique du moteur
à gaz (Euro/kW) comprenant le prix de la chaudière de récupération.
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Figure 11: Rendements et prix d’un moteur à gaz pour la cogénération

En raison du niveau de température du refroidissement du moteur, l’intégration à un système de
chau�age urbain devra être réalisé en prenant en compte le niveau de température du système de
chau�age urbain. La figure 12 présente le principe d’intégration du moteur. Lorsque la température
du réseau augmente, le moteur aura un point de pincement qui limitera la récupération d’énergie
thermique du moteur.
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Building District heating



fr
an

co
is

.m
ar

ec
ha

l@
ep

fl
.c

h 
©
In

du
st

ri
al

 E
ne

rg
y 

Sy
st

em
s 

La
bo

ra
to

ry
- 

LE
N

I-
IG

M
-S

TI
-E

PF
L 

20
12

IPESE
Industrial Process and 

Energy Systems Engineering

Heat distribution cost : cts CHF/annual kWh

‣ Building density


‣ nb + m2


‣ Power density


‣ Annual energy

Indice de coût des réseaux [cts/kW]
Température aller : 90°C.
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Investment costs estimation

DISTRICT HEAT DISTRIBUTION SYSTEM
Investment costs estimation

Annualised network cost 

(90°C, prediction 2030) 

[CHF/MWh]
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10 - 20

20 - 60

> 60

� LDHN = 2(Nb � 1)K

s
Ah

Nb

� T⇥supply = Treturn + (Tsupply � Treturn) · (1 +

floss,ref
Tsupply�Tground

Tref �Tground
)

� Q̇DHN = ṁDHNcpfluid (T⇥supply � Treturn)

� dDHN =

vuut
4ṁDHN

�vs⇥(T⇥supply )

� CDHN =
(c1dDHN + c2)LDHN

1

⇤
Q̇DHN

[CHF/kWh]

Industrial Energy Systems LaboratoryEcole Polytechnique Fédérale de Lausanne

4.2. District heat distribution system

Pipe diameter The pipe diameter (d dn) is computed by (4.10) assuming a nominal velocity
(vs) of 3 m/s.

d dn =

s
4 ·ṁdn

º · vs ·Ω
(4.10)

Investments The investment cost correlation (4.11) includes material costs, proportional to
the pipe diameters and fixed costs of civil engineering works. The values of the corresponding
coefficient c1 = 7047 C HF /m2 and c2 = 752.8 C HF /m have been calibrated on data from Table
(4.1).

IC
dn =

≥
c1 ·d dn + c2

¥
·Ldn [CHF] (4.11)

Table 4.1: Typical cost of network pipes, for diameters between 25mm and 300mm.

Parameters values

pipe diameter [mm] 25 32 40 50 65 80 100 125 150 200 250 300
pipe cost [C HF /m] 950 950 1000 1200 1250 1350 1470 1600 1750 2000 2500 3000

The specific cost of the heat distribution (I cdn), shown in Figure (4.2), is computed by Equation
(4.12), typically considering 60 years lifetime for the annualisation factor of the district network
investment (ødn).

Ic
dn =

°
c1 ·d dn + c2

¢
·Ldn 1

ødn

Qdn
yr

[CHF/kWh] (4.12)

4.2.5 Resource-limited geographical aggregation

District heating is typically interesting when it allows one to access to endogenous resources, or
when it allows to profit from scale effects of the investment and the efficiency of the technologies.
In both cases, the available capacity (Q̇max ) of the resource or of the technology requires the
calculation of the area covered by a given technology or a given resource.
A MILP aggregation mechanism has therefore been developed in order to evaluate the best zone
to be covered by a district heating system that has access to a given resource.
The integer variables of the problem are the existence Nz1,z2 = 1 or not Nz1,z2 = 0 of a network
between neighboring zones (z1, z2) and the existence Xz = 1 or not Xz = 0 of a network in a zone.
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1 Symbols

Roman letters
An Annuities of a given investment [-]
Ai,j,p Surface of the pipe of network p between nodes i and j [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs of the boiler(s) [CHF/year]
Cfix Fix part of investment costs for a given device [CHF]
Cgas Total gas costs [CHF]
cgas Gas costs [CHF/kWh]
Cgrid Total grid costs [CHF]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF]
Cpipes Total costs for the piping [CHF]
Cprop Fix part of investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total CO2 emissions for one year due to the combustion of gas [kg]
co2

gas CO2 emissions due to the combustion of gas per kWh [kg/kWh]
CO2

grid Total CO2 emissions for one year due to the consumption of electricity from the grid [kg]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,k Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t,k Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fm Maintenance factor [-]
Gast Overall gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]

Mbuild
t,k

Mass flow of water from the network, circulating during period t through the
building at node k to heat up the building [kg/s]

Mpipe
t,i,j,p

Mass flow of water flowing during period t, in network p, from node i to node
j [kg/s]

Mmax
t,p,i,j

Maximum mass flow of water flowing in network p, from node i to node j, over
all periods of time [kg/s]

M tech
t,k

Mass flow from the network being heated up by the device(s) at node k during
period t [kW]

MT build
t,k

Mass flow from the network flowing through a device at node k during period
t, to be re-heated, times its temperature [(kg/s)K]
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t,k Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fm Maintenance factor [-]
Gast Overall gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]

Mbuild
t,k

Mass flow of water from the network, circulating during period t through the
building at node k to heat up the building [kg/s]

Mpipe
t,i,j,p

Mass flow of water flowing during period t, in network p, from node i to node
j [kg/s]

Mmax
t,p,i,j

Maximum mass flow of water flowing in network p, from node i to node j, over
all periods of time [kg/s]

M tech
t,k

Mass flow from the network being heated up by the device(s) at node k during
period t [kW]

MT build
t,k

Mass flow from the network flowing through a device at node k during period
t, to be re-heated, times its temperature [(kg/s)K]

2

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

ture of the network (seen from the decentralized water/water heat pump, this temperature
corresponds to the temperature di�erence of the heat source in the evaporator).

5. the thickness of the insulation around the pipes.

The multi-objective evolutionary optimizer used for this study was developed at the Industrial
Energy Systems Laboratory of the Ecole Polytechnique Fédérale de Lausanne [11]. This optimizer
uses the technique of the evolutionary algorithms to compute the trade-o�s between multiple objec-
tives. In our case, two objectives have to be minimized: the CO2 emissions and the costs (including
operation and investment). In order to find the optimal configurations (energy systems) with the
best performances in terms of CO2 emissions and costs, the evolutionary algorithm starts creating
a population of individuals by choosing randomly, for each individual, a set of values (genome,
individual). These are the initial master sets of decision variables. The performance of each master
set is computed. New master sets (genome, individuals) are then selected based on the performance
of the existing ones, using a set of combination operators such as mutation and crossover. After
the evolution process is continued su⇤ciently, keeping the best master sets (according to CO2 emis-
sions and costs), the optimal solutions can be found. This multi-objective strategy results in an
estimation of the Pareto optimal frontier (hereafter Pareto curve) that represents the set of optimal
configurations (optimal in terms of one or both of the two objectives). Each point of this curve
corresponds to a configuration of the energy system, in other words to a master set of decision
variables and its associated slave set, that define one configuration of the energy system and the
optimal way of operating it on a yearly basis.

5.2 Thermodynamic models of the technologies

The method presented allows the use of thermodynamic models with various degrees of details.
However, when designing and optimizing the entire energy network, there is no need in spending
much time using very detailed models. For the current study, the following simple relations were
implemented:

1. Heat pump:

COPHP = ⇥ · T hot

T hot � T cold

2. Gas turbine [12]:
�ele = 0.1468 + 0.0179 · log(S)

�the = 0.8� �ele

S being the size of the gas turbine [kWel], �the and �ele the thermal respectively electrical
e⇤ciency.

3. Solid Oxide Fuel Cell:
�ele = 0.45

�the = 0.45
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MT pipe
t,i,j,p Water flowing during period t from node i to node j in the network p, times its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump during period t, at node k [kW]
Qboiler

t,k Heat delivered by the boiler during period t, at node k [kW]
Qcons

t,k Heat consumption during period t, at node k [kW]
Qnet

t,k Heat delivered by the network during period t, at node k [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump during period t, at node k [kW]
Qtech

t,k,e Heat produced during period t, at node k, by device e [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Design size of a given device [kW]
Saw

k Design size of the air/water heat pump located at node k [kW]
Sboiler

k Design size of the boiler at node k [kW]
Snom

e Design size of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Design size of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cond Temperature at the condenser of a heat pump [K]
T cons

t,k Temperature at which the heat is required by the consumer during period t, at node k [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design supply temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs natural gas to operate, 0 otherwise
Xtech

k = 1 if a device can be implemented at node k, 0 otherwise
Xnode

k,e = 1 if device e is implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�T heat Pinch at the heat-exchangers [K]
�T net ww Temperature di⇥erence of the water in the network if used as heat source in water/water heat pumps [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e device
p network (to: from the plant to the building(s), ret: from the buildings back to the plant)

3

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs for the boiler(s) [CHF/year]
Cfix Fix part of the investment costs for a given device [CHF]
Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
Cgrid Total annual grid costs [CHF/year]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]

2
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Fs Scaling factor [-]
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Gast Natural gas consumption during period t [kg]
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e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
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i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
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MT tech
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2

MT pipe
t,i,j,p Water flowing during period t from node i to node j in the network p, times its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump during period t, at node k [kW]
Qboiler

t,k Heat delivered by the boiler during period t, at node k [kW]
Qcons

t,k Heat consumption during period t, at node k [kW]
Qnet

t,k Heat delivered by the network during period t, at node k [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump during period t, at node k [kW]
Qtech

t,k,e Heat produced during period t, at node k, by device e [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Design size of a given device [kW]
Saw

k Design size of the air/water heat pump located at node k [kW]
Sboiler

k Design size of the boiler at node k [kW]
Snom

e Design size of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Design size of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cond Temperature at the condenser of a heat pump [K]
T cons

t,k Temperature at which the heat is required by the consumer during period t, at node k [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design supply temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs natural gas to operate, 0 otherwise
Xtech

k = 1 if a device can be implemented at node k, 0 otherwise
Xnode

k,e = 1 if device e is implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�T heat Pinch at the heat-exchangers [K]
�T net ww Temperature di⇥erence of the water in the network if used as heat source in water/water heat pumps [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e device
p network (to: from the plant to the building(s), ret: from the buildings back to the plant)

3

& processes Building demand
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Multi-period problem (for the day of a month)

Water: mii, 
Tin, hin

return : moo, 
Tout, hout

Water: mio, 
Tin, hin

return : moi, 
Tin, hin

Technologies w, @node k period p
Demand  @node k, period p

	 	 S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems: II-
Daily thermal storage, in Computers & Chemical Engineering, 2013a 


yi,k · ṁmin  ṁi,k,p  yi,k · ṁmax 8p, i, k
ṁi,k,p  ṁmax

i,k 8p, i, k

Costpipe =
nnodeX

i=1,i 6=k

nnodeX

k=1,k 6=i

(yi,k · cfpipe · lengthi,k + ṁmax
i,k · cdpipe · lengthi,k)

ṁi,k,p

yi,k
Q̇loss

k,p =
nnodeX

i=1,i 6=k

qloss(T in
i,k) · ṁi,k,p

Ėpump,i,k,p = yi,k · e0pipe · lengthi,k + ṁi,k,p · e1pipe,i,k

node k

Heat exchange by 
heat cascade 
model

Electricity balance

Existence : w in location k
yw,k,puminw ≤ uw,k,p ≤ yw,k,pumaxw

E+
k,p ≥ 0, E−

k,p ≥ 0

nw

∑
w=1

uw,k,pqw,k,p,r +
nd

∑
d=1

Qk,p,d,r + Rk,p,r+1 − Rk,p,r = 0
∀r = 1,..,nr∀p = 1,..,np
∀k = 1,..,nk

Rk,p,r ≥ 0, Rk,p,nr+1 = 0, Rk,p,1 = 0
nw

∑
w=1

uw,k,pew,k,p,r +
nd

∑
d=1

ek,p,d,r + E+
k,p − E−

k,p = 0

∀w = 1,..,nw ∀p = 1,..,np ∀k = 1,..,nk

yw,kuminw ≤ uw,k ≤ yw,kumaxw ∀k, wuw,k,p ≤ uw,k ∀w, k, p
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Chapter 2. District energy systems design and operation optimization methodology

La
ye

rs

Locations (g)

Heat cascading layers (Lh) 

Hot & cold streams

Local Balancing layers (Lbl):

Power / resource streams

Global balancing layers (Lbg):

Power / resource streams
෍
𝒈ୀ𝟏

𝑵𝑮

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 ×෍
𝒆ୀ𝟏

𝑵𝑬

(𝑬̇𝒈,𝑳𝒃𝒈,𝒔𝒆,𝒑
ା −𝑬̇𝒈,𝑳𝒃𝒈,𝒔𝒆,𝒑

ି )] − (𝑬̇𝒈𝒓𝒊𝒅,𝑳𝒃𝒈,𝒑
ା −𝑬̇𝒈𝒓𝒊𝒅,𝑳𝒃𝒈,𝒑

ି ) = 𝟎

෍
𝒈ୀ𝟏

𝑵𝑮

෍
𝒑ୀ𝟏

𝑵𝒑

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 × (𝑴̇𝒈,𝑳𝒃𝒈,𝒔𝒇,𝒑
ା −𝑴̇𝒈,𝑳𝒃𝒈,𝒔𝒇,𝒑

ି )] − 𝑩𝑳𝒃𝒈,𝒇 ≥ 𝟎𝑀̇௚,௅್೒,௦೑௣
ି/ା𝐸̇௚,௅್೒,௦೐௣

ି/ା
𝒖௦,௣

𝒖௦,௣

𝒖௦,௣

𝒚௦,௣

𝒚௦,௣

𝒚௦,௣

𝑀̇௚,௅್೗,௦೑௣
ି/ା

𝐸̇௚,௅್೗,௦೐௣
ି/ା

𝑄̇௚,௅೓,௦೔,௞,௣
ି/ା

෍
𝒈ୀ𝟏

𝑵𝑮

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 × (𝑴̇𝒈,𝑳𝒃𝒍,,𝒔𝒇,𝒑
ା −𝑴̇𝒈,𝑳𝒃𝒍,𝒔𝒇,𝒑

ି )] − 𝑩𝒈,𝑳𝒃𝒈,𝒇 ≥ 𝟎

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 ×෍
𝒆ୀ𝟏

𝑵𝑬

(𝑬̇𝒈,𝑳𝒃𝒍,𝒔𝒆,𝒑
ା −𝑬̇𝒈,𝑳𝒃𝒍,𝒔𝒆,𝒑

ି )] = 𝟎

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 × (෍
𝒋ୀ𝟏

𝑵𝑱

𝑸̇𝒈,𝑳𝒉,𝒔𝒋,𝒌,𝒑
ା −

̇
෍
𝒊ୀ𝟏

𝑵𝑰

𝑸̇𝒈,𝑳𝒉,𝒔𝒊,𝒌,𝒑
ି )] + 𝑹̇𝒈,𝑳𝒉,𝒌ା𝟏,𝒑 − 𝑹̇𝒈,𝑳𝒉,𝒌,𝒑 = 𝟎

Figure 2.3: Illustration of a slave energy integration optimization

Eq.2.5 defines the feasible range of subsystem’s multiplication factor (us,p ), where U mi n
s

and U max
s denote the minimum and the maximum utilization level of s. These two

parameters are calculated by using thermo-economic simulation (TES) models taking
into account the subsystems’ available capacity (Us). Us is originally a decision variable
in the master optimization.

The maximum multiplication factor (us) of subsystem s over all operating periods is
defined by Eq.2.6. It is fixed and equal to 1 for consumers’ subsystems (ub,p = 1, ub = 1,
8b 2 S).

• Heat balance of the corrected temperature interval k 2 K , in location g 2 G and heat
cascade layer Lh in location g (Eq.2.7) (Kemp, 2006) :

[
NSX

s=1
us,p £ (

NJsX

j=1
Q̇+

g ,Lh ,s j ,k,p °
NIsX

i=1
Q̇°

g ,Lh ,si ,k,p )]+ Ṙg ,Lh ,k+1,p ° Ṙg ,Lh ,k,p = 0, (2.7)

8p,k, g ,Lh

Q̇°
g ,Lh ,si ,k,p is the reference heat requirement of the cold stream i , of subsystem s, heat

cascade layer Lh in location g , temperature interval k, and time step p, while Q̇+
g ,Lh ,s j ,k,p

denotes the reference available heat of stream j . These two parameters are originally

34
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District heating supestructure

Chapter 7. Distribution networks design and operation optimization

consumers. They present an optimization model for the strategic design of integrated urban
energy systems without taking into account the environmental impacts.

A multi-objective, multi-period optimization model including process design and energy
integration techniques is described in Chapter 2. The model is extended in this chapter by
considering the logistics of resources/products, the pipeline connections between subsystems,
the investment costs and the heat losses of distribution networks. The goal is to optimize
the networks’ layout and temperatures, together with the configuration and locations of
centralized and decentralized plants.

The parameters and decision variables of networks model are defined in Table 7.2. The main
constraints and decision variables of networks model are summarized in Figure 7.1 which are
explained in the following sections.

An illustrative example is introduced in Chapter 9 to demonstrate the proposed model.

Heating networks layers 

La
ye

rs

Locations (g)

distribution network in
Heat cascading layer (Lh) 

Hot & cold streams

Transportation in 
global balancing layers (Lbg):

Fuel / material / resource streams

∑𝒈ୀ𝟏,𝒈ஷ𝒈ᇲ
𝑵𝑮 [𝒖ே೒,೒ᇲ ,௅೓,௣ × 𝑄̇ே೒,೒ᇲ ,௅೓,௞ᇲᇲ,௣

ା −𝑸̇ே೒,೒ᇲ ,௅೓,௞
ᇲᇲ,௣

௟௢௦௦ ] − 𝑸̇ே೒ᇲ ,௅೓,௞
ᇲᇲ,௣

ା =0

𝒖௦,௣
𝒚௦,௣

𝑀̇௚,௅್೗,௦೑,௣
ି/ା

𝑄̇௚,௅೓,௦೔/ೕ,௞ᇲᇲ,௣
ି/ା

෍
𝒔ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 × (෍
𝒋ୀ𝟏

𝑵𝑱𝒔

𝑄̇௚,௅೓,௦ೕ,௞ᇲᇲ,௣
ା −

̇
෍
𝒊ୀ𝟏

𝑵𝑰𝒔

𝑄̇௚,௅೓,௦೔,௞ᇲᇲ,௣
ି )] + 𝑹̇௚,௅೓,௞ᇲᇲାଵ,௣ − 𝑹̇௚,௅೓,௞ᇲᇲ,௣

+( ̇𝑸ା
ே೒,௅೓,௞ᇲᇲ,௣

− ̇𝑸ି
ே೒,௅೓,௞ᇲᇲ,௣

) = 0

∑𝒈ᇲୀ𝟏,𝒈ஷ𝒈ᇲ
𝑵𝒈 [𝒖ே೒,೒ᇲ ,௅೓,௣ × 𝑄̇ே೒,೒ᇲ ,௅೓,௞ᇲᇲ௞,௣

ି ] − 𝑸̇ே೒ ,௅೓,௞ᇲᇲ,௣
ି =0

෍
𝒈ୀ𝟏

𝑵𝒔

[𝒖𝒔,𝒑 × 𝑀̇௚,௅್೒,௙,௣
ି − 𝑀̇௚,௅್೒,௦೑,௣

ା ] − (𝑴̇௚,௅್೒,௙,௣
ା − 𝑴̇௚,௅್೒,௙,௣

ି ) = 0

෍
𝒈ୀ𝟏,𝒈ஷ𝒈ᇲ

𝑵𝑮

𝑴̇௑೒,೒ᇲ,௅್೒,௙,௣
ା + 𝑭̇௚ᇲ,௅್೒,௙,௣

ା = 𝑴̇௚ᇲ,௅್೒,௙,௣
ା

෍
𝒈ୀ𝟏,𝒈ஷ𝒈ᇲ

𝑵𝑮

𝑴̇௑೒,೒ᇲ,௅್೒,௙,௣
ି + 𝑭̇௚,௅್೒,௙,௣

ି = 𝑴̇௚,௅್೒,௙,௣
ି

Figure 7.1: Illustration of the distribution network and the transportation optimization

7.2 Network design and operation optimization model

The network design model is used to optimize the district networks’ layout and temperatures,
together with configurations and locations of centralized and decentralized plants. The
investment costs, the pipelines’ length and the heat losses of networks are determined by

122

Routing algorithm
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Management of storage during the day (multi-period/multi-time)

Water: mii, 
Tin, hin

return : moo, 
Tout, hout

Water: mio, 
Tin, hin

return : moi, 
Tin, hin

Technologies w, @node k period p and time t(p)
Demand  @node k, period p and time t(p)

Storage tank
2

Tst,2

HEX h1(t)

heat demand

 Storage tank
1

Tst,1

...

Tst,...

 Storage tank
l

Tst,l

 ...

Tst,...

 Storage tank
nl

Tst,nl

HEX h2(t) HEX h..(t) HEX hl(t) HEX hnl-1(t)

heat demand heat demand heat demand heat demand

heat excess

HEX c1(t)

heat excess

HEX c2(t)

heat excess

HEX c..(t)

heat excess

HEX cl(t)

heat excess

HEX cnl-1(t)

Units for heat integration

HL HL HL HL HL HL

HEX:  Heat exchangers
HL: Heat losses

Storage system

	 	 S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems: II-
Daily thermal storage, in Computers & Chemical Engineering, 2013a 


Buildings inertia

Batteries

yi,k · ṁmin  ṁi,k,p  yi,k · ṁmax 8p, i, k
ṁi,k,p  ṁmax

i,k 8p, i, k

Costpipe =
nnodeX

i=1,i 6=k

nnodeX

k=1,k 6=i

(yi,k · cfpipe · lengthi,k + ṁmax
i,k · cdpipe · lengthi,k)

ṁi,k,p

yi,k
Q̇loss

k,p =
nnodeX

i=1,i 6=k

qloss(T in
i,k) · ṁi,k,p

Ėpump,i,k,p = yi,k · e0pipe · lengthi,k + ṁi,k,p · e1pipe,i,k

yw,k,puminw ≤ uw,k,p ≤ yw,k,pumaxw

E+
k,p ≥ 0, E−

k,p ≥ 0

nw

∑
w=1

uw,k,pqw,k,p,r +
nd

∑
d=1

Qk,p,d,r + Rk,p,r+1 − Rk,p,r = 0
∀r = 1,..,nr∀p = 1,..,np
∀k = 1,..,nk

Rk,p,r ≥ 0, Rk,p,nr+1 = 0, Rk,p,1 = 0
nw

∑
w=1

uw,k,pew,k,p,r +
nd

∑
d=1

ek,p,d,r + E+
k,p − E−

k,p = 0

∀w = 1,..,nw ∀p = 1,..,np ∀k = 1,..,nk

yw,kuminw ≤ uw,k ≤ yw,kumaxw ∀k , wuw,k,p ≤ uw,k ∀w, k , p
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Storage tank model
Storage tank Model

ntX

t=1

(cfhs · dp,t
nlX

l=1

(

nsh,lX

hl=1

fu,p,tṀh,l,u,p,t �
nsc,lX

cl=1

fu,p,tṀc,l,u,p,t)) = 0 (13)

Ml,p,t = M0,l +
tX

t=1

(cfhs · dp,t
nlX

l=1

(

nsh,lX

hl=1

fu,p,tṀh,l,u,p,t �
nsc,lX

cl=1

fu,p,tṀc,l,u,p,t))

8l = 1..., nl 8t = 1..., nt

(14)

Ml,p,t > 0 M0,l > 0 8l = 1..., nl 8t = 1..., nt (15)

nlX

l=1

Ml,t < Mtot

nlX

l=1

M0,l < Mtot 8l = 1..., nl 8t = 1..., nt (16)

M0,l +
tX

t=1

(cfhs · dp,t
nlX

l=1

(

nsh,lX

hl=1

fu,tṀh,l,u,p,t))

�
t�1X

t=1

(cfhs · dp,t
nlX

l=1

(

nsc,lX

hl=1

fu,p,tṀc,l,u,p,t))�Ml,p,t � 0 8l = 1..., nl 8t = 1..., nt

(17)

Q̇c,l = fu,p,t · Ṁc,l,u,p,t · cp · (Tst,l+1 � Tst,l) (18)

Q̇h,l = fu,p,t · Ṁh,l,u,p,t · cp · (Tst,l � Tst,l+1) (19)

Heat losses in storage tanks

Q̇hl,l,p,t = khl ·
fhl · 4 ·Ml,p,t

⇢ · d · (Tst,l � Ta) 8l = 1..., nl 8t = 1..., nt (20)

with A = ⇡ · d · h, V = ⇡ · d2

4 · h

4

Variables

cyp number of cycles of period p

dp,t operating time of time slice t in period p

c
+
el,p,t electricity purchase costfor time slice t in period p

c
�
el,p,t Electrcity selling price for time slice t in period p.

c
+
f,p,t is the fuel price for time slice t in period p.

Ė
+
f,u,p,t nominal energy delivered to unit u for time slice t in period p

Ėel,u,p,t nominal electricity demand(+) or excess(�) of unit u for time slice t in period p.
cu is the nominal operating cost per hour of unit u (excluding the fuel and elec-

tricity costs).
fu,p,t multiplication factor of unit u for time slice t in period p

yu,p,t use of unit u in time slice t in period p.
Q̇h,s,k,u,p,t nominal heat load of hot stream h in sub-system s and temperature interval k,

belonging to unit u and in time slice t.
Q̇�

hts(s),s,k,p,t Heat supplied to the heat transfer fluid in the temperature interval k and in
time slice t)

Ṙs,k,p,t cascaded heat to the lower temperature interval k in sub-system s.
cfhs unit conversion factor
Ṁh,l,u,p,t nominal flow-rates of the hot stream of storage tank
Ṁc,l,u,p,t nominal flowrate of the cold stream respectively in time slice t.
M0,l initial water content of tank l.

5

Storage tank
2

Tst,2

HEX h1(t)

heat demand

 Storage tank
1

Tst,1

...

Tst,...

 Storage tank
l

Tst,l

 ...

Tst,...

 Storage tank
nl

Tst,nl

HEX h2(t) HEX h..(t) HEX hl(t) HEX hnl-1(t)

heat demand heat demand heat demand heat demand

heat excess

HEX c1(t)

heat excess

HEX c2(t)

heat excess

HEX c..(t)

heat excess

HEX cl(t)

heat excess

HEX cnl-1(t)

Units for heat integration

HL HL HL HL HL HL

HEX:  Heat exchangers
HL: Heat losses
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Comparison between storage and not in the central plant
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Total'heat'
'demand'

Incinerator'
'(OM)'

Biomass''
boiler'

Coal''
boiler'

Peak''
gas'boiler'

"[GWh]" 300" 180" 48.7" 156" 0.6"

Heat"cost:"""51"[€/MWh]"
CO2:"""""""""""""197"[kg/MWh]"
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Evaluation of the operational cost

• 40 time steps : 
• 7 days*5 sequence + 1 Extreme * 5

• Probability of appearance
• =>number of daysChapter 4. Selection of typical operating periods
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Figure 4.3: The ambient temperatures and estimated heat demands: 20 years and the mean
typical year.

1. Empirical method: 13 typical periods, one per month as the average values and one
extreme day (Mavrotas et al., 2008).

2. Proposed k-means clustering method using the mean typical year data.

3. Proposed k-means clustering method using the original 20 years data equivalent to the
lifetime of equipment.

Empirical periods

Figure 4.4 refers to the mean typical year with Ni = 365 observations, heating demand as an
attribute (Na = 1), 24 values for each observation (Ng = 24), and selected empirical periods
with 312 (13£24) total time steps.

The five performance indicators proposed in Section 4.2.2 are used to calculate the qualities
of the empirical periods for representing the original 20 years data as well as the mean typical
year (Table 4.2). The effects of the empirical periods accuracy on the optimization results will
be studied in Section validation and verification.

Table 4.2: The qualities of the empirical periods compare to the original 20 years
data, as well as the mean typical year data.

Quality The empirical periods and The empirical periods and
indicators the mean typical year data the original 20 years data
æcdc 0.071 0.173
æpr o f i l e 0.059 0.117
ELDC 0.056 0.153
¢LDC 0 0
¢pr od ,0.07 113 4983

74

20 x 8760 hours

175’200 hours
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MILP problem size 

How we can reduce the optimization size (variables & constraints) and 
computational load?

While achieving accurate representation of data!

No. time steps 35 312 8760

Constraints 7400 65000 1830000

Variables 6200 54000 1520000

Binary variables 400 3700 104000

Resolution Time [s] 23 85 2700

y=208.89x+149.75

0
10000
20000
30000
40000
50000
60000
70000

0 100 200 300 400

No. time step

 O
pt

im
iz

at
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n 
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ze
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PhD Thesis Defense 14th February 2013 

No

K-means clustering


I-Data structuring: Typical periods selection method

1

Generate N* typical

 periods

S.T:    k-means clustering

P(j)<=  

2

K-means clustering


No

Increase v=1

V <= Vmax?
yes

Converge?
No

New starting point

v=v+1

yes

are known?
Run k-means several times for3

Calculate values of performance indicators, 

ESE(vNk), C(vNk) and D(vNk) for

4

Draw the Pareto frontier of each performance indicator and 
select      , the minimum accepted number of clusters

5

yes
Add extreme typical periods7

Select the optimal typical periods, in which;6

Segmented typical periods:

Generate the segmented

 typical periods

S.T:    k-means clustering

P(j)<=  

K-means clustering


8
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PhD Thesis Defense 14th February 2013 

I-Data structuring: Typical periods selection method

 Normalized Pareto frontiers of performance indicators for each type of attributes

Draw the Pareto frontier of each performance indicator and 
select       ,the minimum accepted number of clusters

5

: the indicators’ improvement on the Pareto frontier from     to    + 1 is not significant 

= 5 At least we need 5 
clusters
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Typical days definition
• 40 time steps : 7 days*5 sequence + 1 Extreme * 5 

 => instead of 8760 hours
• Probability of appearance (number of days)
• Using clustering techniques

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "27"

I;Data"structuring:"Typical"periods"selec.on"method"
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Reduce*the*op>miza>on*size*&*computa>onal*load*significantly*

•  0.3;4.1%"errors""
•  40".mes"faster"

Valida.on"is"performed""

•  As"a"result"N*=8"(typical"periods),"with"40"(8*5)".me"steps""
•  Compare"to"the"original"data"N=365,*with""8760".me"steps""
"
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The difficulty of the urban size

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "29"

A list of “integrated 
zones” based on 

GIS data 

River/ground,water,
Road,
Railway,
Building,

Green,area,

I;Data"structuring:"Integrated"zone"selec.on"method"

How*we*can*reduce*the*op>miza>on*size*and*computa>onal*load*
considering*the*number*of*subsystems?*

60,000"buildings"

No.'buildings' 5' 7' 13' 470'
Constraints"(x103)" 63" 88" 210" 9000"
Variables"(x103)" 190" 260" 575" 27000"
Binary"variables"(x103)" 3" 4" 9" 40"

y"="1.8125x2"*"14.25x"+"88.938"
0"

50"

100"

150"

200"

250"

4" 6" 8" 10" 12" 14"

x103"

No."subsystem"

"O
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m
iza

.o
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siz
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GIS Clustering 

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "30"

I;Data"structuring:"Integrated"zone"selec.on"method"

•  The"integrated"zone"is"an"area"where"resources,"energy"conversion"
technologies,"and"buildings"are"aggregated"
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19"integrated"zones"

River/ground,water,
Road,
Railway,
Building,

Green,area,

Cluster*the*city*into*limited*number*of*“integrated*zones”!*
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GIS clustering

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "32"

I;Data"structuring:"Integrated"zone"selec.on"method"

River/ground,water,
Road,
Railway,
Building,

Green,area,

Reduce*the*op>miza>on*size*significantly*

60,000"buildings"
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Each building has a probability of being connected to the grid
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Master slave decomposition
2.3. Structuring phase

I-Data  
Structuring 

District energy system design framework implemented in Matlab 

Pareto''
op)mal' Performances 

evaluation Final'decision'

III-Post-processing phase 
 

II-Master non-linear optimization (EMOO) 
 

II.3-Slave MILP 
optimization (EIO) 

 
Optimization: 

    - Energy-integration  
    - Mass & energy balance 
    - Distribution networks 
    - Thermal storage 

II.4-EE 
 
Environomic evaluation: 

{EFF, TAC, MCO2} 
'

Thermo-economic  
Simulation models 

Master optimization 
Evolutionary, multi-objective  

algorithm 

 II.2-TES 
 

Optimal system 
configuration and 

operation 

Sensitivity  
analysis 

Conversion 
technologies 

Energy   
demand profiles: 

Typical periods 
 

Energy sources 

Peak load & 
Backup equipment   

Thermo-economic 
state of selected 

equipment 

1'

1'

2'

4'

5'

3b'

6'

1'

3a'

7'

8'

9'

A list of “integrated 
zones” based on 

GIS data 

1'

TAC,EFF,MCO2

Figure 2.1: Illustration of the developed methodology for district energy systems design and
operation optimization

2.3 Structuring phase

Required data for solving the optimization step should be collected and structured in the
structuring phase. These principally include, the available energy sources, the energy con-
sumption profile, simulation model of available and alternative conversion systems and
individual backup technologies including their technical and economic data and the geo-
graphical information of a district area. This information can be structured in the form of a
database.

Available energy sources

Any energy source that could be exploited to produce useful work in an energy conversion
system should be listed and detailed here. This includes fossil fuel (natural gas, fuel oil, coal)
as well as renewable sources (i.e. biogas, biomass, waste heat from industries, water collectors,
sewage water, sludge, wind, solar, water sources, geothermal). Energy sources should typically
be described by their energetic content, environmental impacts, price, availability, locations
(GIS) and constraints (Weber, 2008). An example is presented by using a test case in Chapter 9.

25

C. Weber, (2007), S. Fazlollahi (2014)
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Multi-objective optimisation : application to a canton
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Mul4Vobjec4ve'op4miza4on'results'

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "64"

Reference"case:"
Decentralized"boilers"

Scenario"2:"
Local"networks"

Scenario"3:"
Global"networks"

Scenario"4"

2;Centeralized/decentralized""
""""technologies"

3;Opera.ng"strategy"

4;Local"resources"

5;Waste"heat"recovery"

•  Trade;off"between"
3"objec.ves""

1;Size"the"system"

* 3 Objectives optimisation
* Scenarios generation

450,000 Population  

246 km2 

60,000 buildings

4637 GWh/year space heating

954 GWh/year  hot water

870 GWh/year  electricity
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Topics covered

• Tools for the analysis and design of more efficient 
and sustainable industrial and urban energy systems, 
with a particular focus on:
– Energy system models

•System integration : multi-period
•Optimal system operation : multi-time (typical days)

– Thermo economic and environomic models
•Energy system design (location, selection and size of 

equipment)
•Superstructures : list of options

– Multi objective optimisation techniques 
– Decision support


