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Part1 : defining the building needs
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Buildings stock

Measures



▪ The president has first asked his colleagues to make some suggestions of the options :

• Prof of Architecture : you have to refurbish the buidlings

• Prof of Heat exchangers : recover the heat of the data centers and the hot air in buildings

• Prof of Compressor : use multi-level heat pumps, choose the right fluid

• Prof of Photovoltaic : use PV panels

• Prof of Fuel cells : use a solid oxide fuel cell

• Prof of Bio-engineering : use biomethane

• Prof of Geology : use deep geothermal sources

• Prof of Water Treatment : use of the heat of the waste water

• Prof of Energy system : look at the system integration

• Prof of power systems : use my battery

• Prof of Climate and economics : take into account the global warming

• Vice-president finance : I do not have money for that

• ETH board : demonstrate the sustainability
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The energy system of EPFL 4
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The energy conversion system 5
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▪ For each distribution system d (e.g. ht)


▪
Demand :  


▪ For each unit u (e.g. heat pump}


▪
Supply by unit u : 


▪
and 


▪ Cost of the supply

▪ Size of the conversion equipment : 




▪ 


▪
Buy the resources :
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Energy conversion OPEX 6

▪  cost of one unit of resource  at time 

▪ e.g. kg of water, kg of fuel, kJ of fuel or kWh of electricity


▪  for products (e.g. electricity production)


▪  unit of resource   used to deliver one [ ] of heat by unit  
at time 


▪  heat delivered by unit  at time 


▪  expected lifetime of the project

cr,t [CHF/unitr] r t

cr,t ≤ 0
mr,u,t [unitr /kJth] r kJth u

t
·Qu,t [kW/unitr] u t

lifetime [s]

nres

∑
r=1

nu

∑
u

(∫
lifetime

t0

cr,t ⋅ mr,u,t ⋅ ·Qu,t ⋅ dt) [CHF/lifetime]



▪ OPerating EXpenditure (we assume a typical year of operation) :


Cost of resources 


with  [kg/MJ] is the resource consumption per unit of heat 


+ Maintenance [CHF/year]

+ Men Power [CHF/year]

+ Taxes [CHF/year] :


fixed : e.g. based on installed power


proportional : 


with  tax per unit of r


e.g. 

nres

∑
r=1

nu

∑
u

(∫
year

t0

cr,t ⋅ mr,u,t ⋅ ·Qu,t ⋅ dt) [CHF/year]

mr,u,t Qu,t

nres

∑
r=1

nu

∑
u

(∫
year

t0

tr,t ⋅ mr,u,t ⋅ ·Qu,t ⋅ dt) [CHF/year]

tr,t [CHF/unitr]
tr,t = τCO2

[CHF/kgCO2
] ⋅ mCO2,r[kgCO2

/unitr]

OPEX in [CHF/year] 7



▪ resource use is calculated with a multiplication factor of a reference 
production 


▪ Thermal efficiency : 


▪ Electrical efficiency : 


▪

mr,u,t [unitr /kJth]

ηth,u =
·Qth,u
·mr,u

[kJth/kJr]

ηe,u =
·Eu
·mr,u

[kJe/kJr]

·Eu,t =
ηe,u

ηth,u
⋅ ·Qu,t

Calculating  for a Cogeneration unit mr,u,t [unitr /kJth] 8



Calculating  for a heat pump  : approximationmr,u,t [kJe/kJth] 9

Ė

Liquid-VaporVapor

LiquidVapor

sink : CONDENSER

source : EVAPORATOR

·msink, cpsink, Tsinkin
Tsinkout

·Qsink = ·Qu,t = ·msink,t ⋅ cpsink ⋅ (Tsinkout,t
− Tsinkin,t

)

·Qsource,t = ·msource,t ⋅ cpsource ⋅ (Tsourcein,t
− Tsourceout,t

)
·msource, cpsource, Tsourcein

Tsourceout

Tf luid,cond, Pfluid,cond

Tfluid,evap, Pfluid,evap

·Eu,t =
·Qu,t

COPu,t

COPth,u,t =
T̃sink,t

T̃sink,t − T̃source,t

COPu,t = ηCOP ⋅ COPth,u,t

T̃sink,t =
Tsinkout,t − Tsinkin,t

l n(Tsinkout,t) − ln(Tsinkin,t)

T̃source,t =
Tsourceout,t − Tsourcein,t

l n(Tsourceout,t) − ln(Tsourcein,t)

Pfluid,cond ≥ Pfluid,evap

·Qsource,t = ·Qu,t − ·Eu,t

 or is a fitted curveηCOP = 50 %



▪ TOTal EXpenditure :





it assumes that the unit will be operated with the same power profile over 
the lifetime of the equipment


We assume a mean year and the associated costs as being representative 
of the lifetime of the project

TOTEX [CHF/year] = OPEX [CHF/year] + CAPEX [CHF/year]

Total Cost (TOTEX in [CHF/year]) 10



Mixed Integer Linear Porgamming problem 11

Define the flows => 

Define the sizes => 



12

Balance demand and supply  => 



13

Choosing the option =>

 : fitted curve ηCarnot ηCarnot(Tsink, Tsource,
·Q)

Constant for the optimisation =>



14

Flows of resources =>

Flows of resources =>

Flows of emissions =>



Variables (to be calculated) and parameters (fixed) 15

Variables => min and max bounds

<= Parameters calculated before solving the MILP problem

<= SETS : are groups of the same type and scopes in the problem



▪ CAPital EXpenditure 




▪  specific investment of unit u for size 


▪  [kW] size of unit u


▪ MILP problem representation : 


▪  : annualisation factor of unit u

CAPEX [CHF/year] =
nu

∑
u=1

1
τu

⋅ iu ·Qu,max
⋅ ·Qu,max

iu ·Qu,max
[CHF/kW ] ·Qu,max

·Qu,max = max
t∈lifetime

( ·Qu,t)
·Qu,t ⋅ fu,t ≤ ·Qu,max ∀t

1
τu

=
1

τ(i, lifetimeu)
[year−1]

CAPEX energy conversion system [CHF/year] 16



Calculating  for a heat pumpiu ·Qu,max
[CHF/kW ]
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Ė

Liquid-VaporVapor

LiquidVapor

CONDENSER

EVAPORATOR

·msink, cpsink, Tsinkin
Tsinkout

·Qu,t = ·Qsink,t = ·msink,t ⋅ cpsink ⋅ (Tsinkout,t − Tsinkin,t)

·Qsink,t = ·mfluid,t ⋅ (h(Tfluid,condin,t, Pfluid,condin,t − h(Tfluid,condout,t, Pfluid,condout,t)

·Qsource,t = ·msource,t ⋅ cpsource ⋅ (Tsourcein,t − Tsourceout,t)

·msource, cpsource, Tsourcein
Tsourceout

Tf luid,cond, Pfluid,cond

Tfluid,evap, Pfluid,evap

·Qsource,t = ·mfluid,t ⋅ (h(Tfluid,evapout,t, Pfluid,evapout,t − h(Tfluid,evapin,t, Pfluid,evapin,t)

·Emax = max
t∈lifetime

(
·Qu,t

COPu,t
)

Pfluid,cond ≥ Pfluid,evap

Acondenser = max
t∈lifetime

((
1

usink
+

1
ufluid,cond

)
·Qsink,t

(Tf luid,cond,t − Tsinkin,t) − (Tf luid,cond,t − Tsinkout ,t)

ln(Tf luid,cond,t − Tsinkin,t) − ln(Tf luid,cond,t − Tsinkout ,t)

)

Aevaporator = max
t∈lifetime

((
1

usource
+

1
uf luid,evap

)
·Qsource,t

(Tsourceout ,t − Tf luid,evap,t − (Tsourcein,t − (Tf luid,evap,t)

ln(Tsourceout ,t − Tf luid,evap,t) − ln(Tsourcein,t − Tf luid,evap,t)

)

Sizing : condenser, evaporator & compressor

·Qsource,t = ·Qsink,t − ·Eu,t

CAPEXu =
1
τ

(IHTX(Acondenser) + IHTX(AEvaporator) + Icompressor(
·Emax))



Investment linearised 18

CAPEX[CHF/year] =
nuX

u=1

1

⌧(ny,u, i)
(I1uyu + I2uf

max
u )
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1

⌧(ny,u, i)
[ 1
year ] annualisation factor of unit u

ny,u [year] expected life time of unit u

I1u [CHF ] fixed investment of unit u

yu [�] existence unit u

I2u [CHF ] proportional investment cost of unit u

f
max
u [�] size of unit u
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Capexu[CHF ]

f max
u

I1u

I2u

fmaxmax
ufminmax

u

fminmax
u ⋅ yu ≤ f max

u ≤ fmaxmax
u ⋅ yu

fu,t ≤ f max
u ∀t ∈ periods

Capexu[CHF ] = au ⋅ ( f max
u )bu ≈ I1u ⋅ yu + I2u ⋅ f max

u



▪ The building b has options to suppl the heat (e.g. air heat recovery)


▪ Heat load of the building on distribution system d 




▪ Choosing the option 




▪ Electricity consumption 




▪ Capital cost 

nob

·Qb,d,t =
no,b

∑
ob

yob
⋅ ·Qob,d,t

nob

∑
ob

yob
= 1

·Eb =
no,b

∑
ob

yob
⋅ ·Eob,t

CAPEXb =
nob

∑
ob

CAPEXob
⋅ yob

Options for the building b 19



▪ Heat supplied by u on distribution level d : 



▪ Electricity in the compressor of u : 




▪ Size of the unit u : 

▪ CAPEX of unit u : 

·Qu,d,t = fud,t ⋅ ·Qud,hp,t

·Eu,t =
nd,u

∑
d

fud,t ⋅ ·Qud,d,t ⋅ COPud,d,t

·Emax
u ≥ ·Eu,t ∀t

CAPEXu =
1
τu

⋅ (I1u ⋅ yu + I2u ⋅ ·Emax
u )

Option for multi-stage heat pump 20



▪ As the cost of energy is really uncertain, it is difficult to claim that there is 
one cost optimal solution


▪ What if government is imposing a CO2 tax ?

Multi objective optimisation with MILP problem 21



▪ Integer cut constraint on the equipment set { }

• assuming that we know already the solution k

• The problem k + 1 is defined by adding to the previous MILP problem 

the integer cut constraint

yu

Generating ordered list of system configurations 22

Problemk+1 :

Problemk

nyX

i=1

(2yki � 1) ⇤ yi 
nyX

i=1

yki

where yki value of yi in solution of problem k



▪ Cost of reducing the emissions

• OBJ1 = total cost

• OBJ2 = emissions


▪ Investment to increase the renewable energy usage

• OBJ1 = investment

• OBJ2 = RES


▪ Thermo-economic trade-off

• OBJ1 = investment

• OBJ2 = operating cost

Example of multi-objective optimisation 23



Multi objective optimization 24

O
B

J2

OBJ1

min
Xd

OBJ1(Xd)

st.

OBJ2(Xd) � OBJ2ref

min
Xd

OBJ2(Xd)

st.

OBJ1(Xd) � OBJ1ref

Pareto Front

Infeasible dom
ain

source : wikipedia

Trade-off between one objective and another one

Generation of the Pareto Front



▪ Single objective parametric

• Weighting factor


• Note : if OBJ1 is a cost function 

Muti-objective optimisation 25

Xd(w) : minXd(1� w) ·OBJ1(Xd) + w ·OBJ2(Xd)

8w 2 [0, 1]

Note :
w

1� w
is a tax on OBJ2(Xd)

e.g. CO2 tax if OBJ2 is the CO2 emissions and OBJ1 the total cost



Parametric programming 26

O
B

J2

OBJ1

P1

Note : the Lagrange multiplier of the inequality 
constraints gives the slope of the Pareto curve

for P 2 {OBJ2(Xd|min
Xd

OBJ1(Xd))..OBJ2(Xd|min
Xd

OBJ2(Xd))}

X
d(P ) : min

Xd
OBJ1(Xd)

st.

OBJ2(Xd)  P
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