
Part 1 : defining the heating and 
cooling needs of a building

Prof François Marechal



Part1 : defining the building needs
M

E
 4

54
 - 

P
R

O
JE

C
T 

P
R

E
S

E
N

TA
TI

O
N

2

EPFL Buildings stock



The goal is to design the energy system of an international university campus with the goal of minimising its environmental impact. 

▪ Task 1 : Defining the energy demand of a campus building 
▪ What are the heat loads to be supplied to each building 
▪ Define the temperature levels of the demand  
▪ Define the energy bill 

▪ Task 2 : Model the building energy system and heat recovery options 
▪ Define the building energy system flowsheet  
▪ Calculate the system configuration states 
▪ Estimate the related investment 

▪ Task 3 : Optimise the investment of heat recovery options for a building 
▪ define the size of the investments on an objective function 
▪ model heat pumps and to choose the best working fluids and operating conditions of heat pumping cycles 
▪ Integrate the data center heat recovery 
▪ generate building’s retrofit options 

▪ Task 4 : Propose and compare options for a more sustainable campus energy system 
▪ integrate the buildings in the campus district heating and cooling system 
▪ define sustainability metrics for the decision support 
▪ Compare decentralised and centralised options with pro and cons for different options of the system design

Steps in the course 3



▪ 1. Energy demand models: building modelling 
▪ 2. Methods for solving a set of equations 
▪ 3. Clustering : what are the most probable states to be realised by the energy system over 

its lifetime 
▪ 4. Flowsheets and energy systems models 
▪ 5. Key performance models of an energy system 
▪ 6. Techno-economic optimisation of an energy system 
▪ 7. Solving optimisation problems 
▪ 8. Constitutive equations and thermodynamic properties of flows in flowsheets 
▪ 9. Process units models 
▪ 10. FlowSheet simulation 
▪ 11. Data reconciliation and parameter identification 
▪ 12. Energy system modelling with Linear programming techniques 
▪ 13. Multi-objective optimization for energy system design

Theory topics : Task 1 4



What are the needs ?

Power station

BuildingsElectricity ·EHeat,t

·Qb,ht,t
·Qb,lt,t

·Qb,cool,t

bht

∑
b

·Qb,ht,t

blt

∑
b

·Qb,lt,t

bcool

∑
b

·Qb,cool,t

Lake water 

Electricity ·ENeeds,tElectricity ·Ebill,t

·Eheat,t = COPht,t

bht

∑
b

·Qb,ht,t + COPlt,t

blt

∑
b

·Qb,lt,t

·mwater,t ⋅ cp ⋅ (TLake,t − TLakeReturn,t)

[kW]·Eb,t

 [kW] @  [C] 
air renewal:  [kg/s]

·Qb,ht,t Tb,ht,t
·mair,b,t



▪Analyse 
• What we want ? 

▪ define variables ( ) : give a textual description 

▪ define physical units : e.g.  

▪ define order of magnitude of expected value of  :   

• What we know : Write equations defining your knowledge ! 

▪  write the knowledge as a set of equations  

▪  are parameters of equation k 

• What we have : collect the data :  

▪ values of  => reference, [physical units], comments 

▪ add assumptions :  so that  

▪Generate  

• Find numerical value of  by solving the set of equations : , with  and   

▪ define the solving method 
▪ define the convergence criteria 

▪Interpret 
• Verify that the value of  is meaningful for the application 

▪Report 
• Report the values (plots, tables, validity check) 

xi
[kJe /kJth]

xi ximin
≤ xi ≤ ximax

fk(xi, πk, j) = 0
πk, j

πk, j

fa(xi, πa, j) = 0 #k + #a = #i

xi fe(xi, πe, j) = 0 ximin
≤ xi ≤ ximax

fe = {fk, fa}

xi

AGIR : the methodology of a task 6
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Buildings stock

Available :

Heating needs are defined by : 
•  [kW] 

heat required by building b  
at time t of the year 

•  [°C] 

Minimum temperature 
of the heat supply of building b 
at time t of the year

·Qb,t ∀b ∈ {1..nb}

Tsupply
b,t ∀b ∈ {1..nb}



What do we have ? 8

3.6 Disentis

In regard to the performance indicators behaviours illustrated in Figure 12, the climatic region of Disentis
is represented through nk=7 typical operating periods (i.e. days), the minimum acceptable cluster size
being n

min
k =7. Figure 13 presents the original data of the Disentis DRY with the respective 7 typical

days and thus provides a graphical validation of the load curve durations. Finally, Table 17 provides a
comparison between the applied method and an empirical representative day selection approach based
on monthly average values.

Figure 12: Quality and performance indicators for Disentis

Figure 13: Load duration curve of the ambient temperature and global horizontal irradiation for Disentis
of original data and 7 typical periods extreme days. In background annual distribution of the original
data.

Table 17: Quality comparison between k-medoids and empirical period selection for Disentis

Typical Empirical
Deviation

No. periods 7 12

Attribute T GHI T GHI T GHI

ELDC 0.02 0.07 0.04 0.15 -0.5 -0.53
�cdc 0.05 0.04 0.08 0.05 -0.38 -0.2
�profile 0.03 0.06 0.03 0.08 0 -0.25

25

Text,t

Irrt

Figure 1.1: Occupancy profile per type of usage

• Uenv is the overall heat transfer coe�cient of the building envelope (W/(m2·K)) (unknown)

Ventilation characteristics

• mair = 2.5 (m3/(m2·h))

• cp,air = 1152 (J/(m3·K))

As there are two main unknowns remaining (kth and ksun), two equations are required to calculate the values
of the two heat transfer coe�cients. They can be deduced from the thermal load calculation (Equation 1.1).
This equation considers that the external heating (or cooling) required should compensate the heat losses
and gains, assuming that the building temperature is around the set point temperature, which is usually
21 °C.

At this stage you should have and present:

• the calculations of the heat gains from people (q̇people(t)) and appliances (Q̇el(t)) per hour, day
and year;

• the calculations of the heat gains from solar radiation (i̇(t)) per hour, day and year;

First equation - switching ON the heating system In practice, it is not necessary that the internal
temperature is exactly 21 °C at all times. Studies show that the notion of ‘thermal comfort’ vary from one
person to another, and a variation of ± 5°C around this set point can be accepted. In other words, the heating
system may be turned ON only if the external temperature is below 16 °C (heating demand Q+

th ”= 0), while
the cooling system may be turned ON (cooling demand Q≠

th ”= 0) only if the external temperature is above
26 °C. These temperatures are named the control cut-on temperatures, while the range 16-26 °C is sometimes
termed the dead band (Figure 1.2).

6

Building enveloppe 
S [m2] 
h [m]

Measurement

People presence  
Comfort Temperature  

capt

Tcomfort,t



Building system flows 9



Generic form of balance equations 10

Accumulation = in - out  + Generation - Consumption 

Net 
accumulation in 
the control 
volume

Import in 
the control 
volume

Generation in 
the control 
volume

Consumption 
in the control 
volume

=
-

-+

+
Export from the 
control volume



Steady state model 11

no Accumulation = 0 = in - out + Generation - Consumption 

Import in 
the control 
volume

Generation in 
the control 
volume

Consumption 
in the control 
volume

=

-

-+

+
Export from 
the control 
volume



Unit model basis 12

For a given control volume with 1 network with Nc substances 
without chemical reactions

Nc mass balances per network* 
1 energy balance 
1 impulsion balance (P) 
Nc+2 balance equations

Materials

Energy
Heat

Control volume boundary 
Mass network Network or pipes : interconnected flows with mass exchange

*when chemical reactions occur the 
material balance is the atomic balance



Unit model basis 13

For a given control volume with 1 network with Nc substances

X

f

ṁ+
f · h(Tf , Pf , xf ) +

X

Q

Q̇+ +
X

E

Ė+ =
dQ

dt
= 0

X

f

ṁ+
c,f =

dMc

dt
= 0 8c

Material balance

Energy balance

Subscript + means positive when entering
h(Tf , Pf , xf ) enthalpy of flow f with temperature Tf , Pressure Pf and composition xf

Accumulation

Accumulation

Non linear equations !



▪ Each flow  is characterized by 

▪ Mass flow: e.g.  

▪ Thermodynamic state:  

▪ State variables :  e.g.  
▪ Transfers are modeled by 

▪  
▪ Energy balance : 

 
  

▪
Mass balance :  

x
·M−

x
Tx, Px, nx

sx h(Tx, Px, nx)

·Q+
k = f (πk,

·M+
x , sx)

∑
f

·M+
f ⋅ h(Tf , Pf , xf ) + ∑

Q

·Q+ + ∑
E

·E+ + ∑
I

·I+
r = 0

∑
f

·M+
n, f = 0 ∀n ∈ networks

Building system flows 14



▪ We would like to know what is the heat load and the corresponding temperature of the heat supply for each state 
that the building will see in the future : 
  

: Heating/cooling load to supply to building  at time  of its life time to maintain the comfort temperature when 
the peaople are in the building 

 

with : flow of water heating of build b 

 : Enthalpy of water at  

 

 : the Supply Temperature of the heat distribution system to the building b at time t 

 : the Return Temperature of the heat distribution system to the building b at time t 

: reference temperature for the calculation of enthalpies

·Q+
b b t

·Q+
b [kW ] = ·M+

wb
⋅ (hw(Ts, Ps) − hw(Tr, Pr))

·M+
wb

hw(Ts, Ps) Ts, Ps

hw(Ts, Ps) = ∫
Ts

T0

cpw(T ) ⋅ dT ≈ c̃pw(Ts − T0)

Ts
Tr
T0

What we want ? 15



What do we know ? : buildings energetics 16

·QA,t[kW ] = ·EA,t
·QL,t[kW ] = ·EL,t
·QM,t[kW ] = ·qcap ⋅ ∑

cap

capt

·QI,t[kW ] = ·Irrt ⋅ ksun

·QR,t[kW ] = ∑
wall

kwall ⋅ Swall ⋅ (Tcomfort,t − Text,t)

Tcomfort,t

Text,t

·QV,t[kW ] = ·mV ⋅ cpair ⋅ (Tcomfort,t − Text,t)
·mA = kv ⋅ ·mV

·QH,t[kW ] = ma x(0, ·QV,t + ·QR,t − ( ·QA,t + ·QL,t + ·QM,t + ·QI,t))

Our knowledge : 

The model of the building envelop heat balance

Gains

Losses

Energy balance :  
what is the heat load to maintain the comfort ?

·Qgain,t

·QV,t + ·QR,t = kth(Tcomfort,t − Text,t)



What we want : ·Qb(t)[kW] 17

3.6 Disentis

In regard to the performance indicators behaviours illustrated in Figure 12, the climatic region of Disentis
is represented through nk=7 typical operating periods (i.e. days), the minimum acceptable cluster size
being n

min
k =7. Figure 13 presents the original data of the Disentis DRY with the respective 7 typical

days and thus provides a graphical validation of the load curve durations. Finally, Table 17 provides a
comparison between the applied method and an empirical representative day selection approach based
on monthly average values.

Figure 12: Quality and performance indicators for Disentis

Figure 13: Load duration curve of the ambient temperature and global horizontal irradiation for Disentis
of original data and 7 typical periods extreme days. In background annual distribution of the original
data.

Table 17: Quality comparison between k-medoids and empirical period selection for Disentis

Typical Empirical
Deviation

No. periods 7 12

Attribute T GHI T GHI T GHI

ELDC 0.02 0.07 0.04 0.15 -0.5 -0.53
�cdc 0.05 0.04 0.08 0.05 -0.38 -0.2
�profile 0.03 0.06 0.03 0.08 0 -0.25

25

Text,t

Ir rt

Heat gains : 
Appliances :  
Lightning :  

People :  

Solar Irradiation :  
Losses 

Ventilation 
 

Heat transfer through the walls 
 

Balance : Heat to supply 

·QAb,t = ·EAb,t
·QLb,t = ·ELb,t

·QMb,t = ·qcapb
⋅ ∑

capb

capb,t

·QIb,t = ·Irrt ⋅ ksunb

·QVb,t = ·mVb
⋅ cpair ⋅ (Tcomfortb,t − Text,t)

·QRb,t = ∑
wallb

kwallb ⋅ Swallb ⋅ (Tcomfortb,t − Text,t)

·QH,t = ·Qb,t = ma x(0, ·QVb,t + ·QRb,t − ( ·QAb,t + ·QLb,t + ·QMb,t + ·QIb,t))

Heat supply [kW] function : 
  

Heat energy [MJ/period] : 

·Qb(t) = max(0,kthb
⋅ (Tcomfortb,t − Text,t) − ksunb

⋅ ·Irrt − ·Qgainb,t)

Qb(t0, tend) = ∫
tend

t0

·Qb,t ⋅ dt = ∫
tend

t0

max(0,kthb
⋅ (Tcomfortb,t − Text,t) − ksunb

⋅ ·Irrt − ·Qgainb,t) ⋅ dt



▪  

▪  : parameters characterising the need k 
▪ Assumptions & knowledge 
▪ Physical/Chemical phenomena 
▪ Typical values from engineering practice 

▪ Observations => parameter fitting 

▪  : variables defining the environment applying to the need k in the future 
▪ Observations 
▪ Statistics 
▪ Models : e.g. future temperatures, future use of the building  

Needk,t = f(πk, xk,i,t)
πk

xi,k,t

Typical formulation of the needs 18



Temperature of the heat supply 19

Ts,tTr,t

·Qb,t = ·mhdb,t ⋅ cphdb
⋅ (Tsb,t − Trb,t) [1]

UAhdb
= ·Qb,design ⋅

ln(Tsb,design − Tcomfortb,design) − ln(Trb,design − Tcomfortb,design)
(Tsb,design − Trb,design)

Temperatures of the heat distribution (hd) system: 
supply  and return  can be calculatedTs,t Tr,t

Trb,t = Tsb,t −
·Qb,t

·mhdb,t ⋅ cphdb

[2]

 is calculated by solving heat transfer equation 

 * 

with  calculated from the design conditions @ =-10 °C 

Tsb,t

·Qb,t = UAhdb

(Tsb,t − Trb,t)
ln(Tsb,t − Tcomfortb,t) − ln(Trb,t − Tcomfortb,t)

[3]

UAhdb
Text

For each building and each time will obtain the minimum supply and return temperatures of the building.

* use [1] and [2] in [3] to have an explicit formula of  as a function of  ,  and  Tsb,t
·Qb,t

·mhdb,t ⋅ cphdb
UAhdb



State the problem to be solved : what needs to be calculated 20

Qb(t0, tend) = ∫
tend

t0

·Qb,t ⋅ dt = ∫
tend

t0

max(0,kthb
⋅ (Tcomfortb,t − Text,t) − ksunb

⋅ ·Irrt − ·Qgainb,t) ⋅ dt

Qb(January, December)(ksunb
, kthb

) − Q1
b = 0

Qb(February, March)(ksunb
, kthb

) − Q2
b = 0

2 equations and  2 unknowns : ksunb
, kthb

Calculate  if 

 
and 

  

ksunb
 and kthb

Q1
b = Qb(January, December)

Q2
b = Qb(February, March)

Activate your knowledge : 

Solve a set of equations 

F(X, )=0π

 : thermal heat loss coefficient of the building b envelop  
includes air renewable and convection losses via walls, windows roof and basement. 
 : solar gains coefficient of building b envelop 
includes orientation and windows

kthb

ksunb


