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▪ Each flow  is characterized by 

▪ Mass flow: e.g.  

▪ Thermodynamic state:  

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

▪  
▪ Energy balance : 

 
  

▪
Mass balance :  
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What do we know ? : buildings energetics 3

·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] 4

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



Temperature of the heat supply 5

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



Energy consumption 6

▪ Heat load to supply  [kW] 

▪  supply temperature 

▪  return temperature 

▪  

▪ Electricity to the heat pump 

 

 

 

with  

·Qb

Ts

Tr
·Qb = ·M+

w ⋅ cpw ⋅ (Ts − Tr)

·E+
hp =

·Qb

COP

COP ≈ ηCarnot,hp ⋅
T̃r−s

T̃r−s − T̃i−o

T̃r−s =
Ts − Tr

ln(Ts) − ln(Tr)
ηCarnot,hp = 0.55

·Qb



Cost of the heat supply 7

  [kg/s, kW] : flows calculated in the system configuration during conditions p 
 [s/lifetime] : probability of appearance of conditions p during the horizon of the system (e.g. year) 

 [OPEX/kg ]: value given to flows or investment to characterize the OPEX of the system configuration during 
conditions p 

 [OPEX/kJ ]: value given to Electricity to characterize the system configuration during conditions p

·m+
r,p, ·E+

p

dp

v+,OPEX
r,p

v+,OPEX
e,p

Operating expenditure over a time horizon (e.g year) :  

 OPEX = ∫
horizon

t=0
(

nr

∑
r=1

( ·m+
r (t) ⋅ v+,OPEX

r (t)) + ·E+(t) ⋅ v+,OPEX
e (t))dt

OPEX ≈
np

∑
p=0

(
nr

∑
r=1

( ·m+
r (p) ⋅ v+,OPEX

r (p)) + ·E+(p) ⋅ v+,OPEX
e (p)) ⋅ dp



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

Cost of resources  

with  mass of resource r to supply heat ( ) at time t.  
+ 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 [kg/kJth]
·Q

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] including the maintenance & taxes 8



KPI : Key Performance Indicators of a system 9

KPI =
np

∑
p=1

(
nr

∑
r=1

·m+
r,pv+,KPI

r,p + ·E+
p v+,KPI

e,p − ·E−
p v−,KPI

e,p +
nu

∑
u=1

fu,pvKPI
m,u )dp +

nu

∑
u=1

vKPI
u (Iu(Su))

  [kg/s, kW] : flows calculated in the system configuration during conditions p 
 [s/lifetime] : probability of appearance of conditions p during the life time of the system 

 [KPI/kg ]: value given to flows or investment to characterize the system configuration during conditions p 
 [KPI/kJ ]: value given to Electricity to characterize the system configuration during conditions p 

 [KPI/use of u]: value of the maintenance cost of unit during the conditions p 

 [KPI/$ invested] : value given to the investment of unit u in the system (typically in ) 

 [$ invested/Size of u] : investment in the equipment of the system

·m+
r,p, ·E+

p , ·E−
p

dp

v+,KPI
r,p

v+,KPI
e,p

vKPI
m,u

vKPI
u

$2020

year
1

$invested

Iu(Su)

KPI = ∫
LifeTime

t=0
(

nr

∑
r=1

·m+
r (t)v+,KPI

r (t) + ·E+(t)v+,KPI
e (t) − ·E−(t)v−,KPI

e (t) +
nu

∑
u=1

fu(t)vKPI
m,u )dt +

nu

∑
u=1

vKPI
u (Iu(Su))

General formula of the KPI in KPI unit/lifetime

KPI [KPI unit/lifetime] for  conditions of operation over the lifetime of the systemnp



Example of key performance indicators 10

TotalCost[CHF/year] = OPEX + CAPEX + Tax

OPEX =

npX

p=1

(
nrX

r=1

ṁ+
r,p

c+
r,p

+ Ė+
p
c+
e,p

� Ė�
p
c�
e,p

+
nuX

u=1

fu,pcmu)dp

CAPEX =
nuX

u=1

1

⌧(ny,u, i)
(I1uyu + I2uf

max

u
)

Tax = CO+
2 �

CO
+
2

CO+
2 =

npX

p=1

(
nrX

r=1

ṁ+
r,p

✏CO2
r

+ Ė+
p
✏
CO

+
2

e,p � Ė�
p
✏
CO

�
2

e,p )dp

Impact = ⇣CO
+
2 (CO+

2 +
nuX

u=1

1

ny,u

(⇠CO2
cu

+ ⇠CO2
du

)fmax

u
)

RES =

npX

p=1

(

nrresX

rres=1

ṁ+
rres,p

+
nuX

u=1

fu,pe
res

+

u,p
)dp

Ė+
p
+ Ė�

p
+

nuX

u=1

fu,p(e
res

+

u,p
� e�

u,p
) = 0 8p = 1..np
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OPEX : Operating Expenditure 11

OPEX[CHF/year] =

npX

p=1

(
nrX

r=1

ṁ+
r,pc

+
r,p + Ė+

p c+e,p � Ė�
p c�e,p +

nuX

u=1

fu,pcmu)dp

with
ṁ+

r,p[kg/h] flow of resource r in period p

c+r,p[CHF/kg] specific price of resource r in period p

Ė+
p [kW ] Electricity import in period p

c+e,p[CHF/kWh] Electricity price at import in period p

Ė�
p [kW ] Electricity export in period p

c�e,p[CHF/kWh] Electricity price at export in period p
nu[�] number of units
fu,p[�] level of use of unit u in period p
cmu[CHF/h] specific maintenance cost of unit u
dp[h/year] duration of period p
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We assume that the specific prices are valid for the whole life time : 25 years !!!!



CAPEX : Capital Expenditure 12

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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Capital Expenditure is the amount of money needed to buy the equipment, it is expressed on an annual basis



▪ Measures the amount of CO2 emissions associated to the operation of 
the system during the  operating conditions p.np

CO2 emissions 13

CO
+
2 [kgCO2/year] =

npX

p=1

(
nrX

r=1

ṁ
+
r,p

✏
CO2
r

+ Ė
+
p
✏
CO

+
2

e,p � Ė
�
p
✏
CO

�
2

e,p )dp
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✏
CO2
r

[kgCO2/kgr] kg CO2 emitted per unit of resource r burnt (local emissions)

✏
CO

+
2

e,p [kgCO2/kWhe] kg CO2 emitted per kWh of electricity consumed

✏
CO

�
2

e,p [kgCO2/kWhe] kg CO2 avoided per kWh of electricity exported (substituted in the grid)
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Tax[CHF/year] = CO+
2 �

CO
+
2
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�CO
+
2 [CHF/kgCO2] CO2 tax per kg CO2 emitted
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SCOPE 1 emissions : directly emitted on site 
SCOPE 2 emissions : indirectly emitted (i.e. emitted at the time of the production of the 
electricity or for the supply of the resource

-> SCOPE 1

-> SCOPE 2



Environmental impact 14

Impact[ImpactUnit/year] = ⇣
CO

+
2 (CO

+
2 +

nuX

u=1

1

ny,u

(⇠CO2
cu

+ ⇠
CO2
du

)fmax

u
)
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⇣CO
+
2 [ImpactUnit/kgCO2 ] Impact of CO2 emissions per kg of CO2 emitted

⇠CO2
cu

[kgCO2 ] life cycle CO2 emissions during the construction of unit u

⇠CO2
du

[kgCO2 ] life cycle CO2 emissions during the dismantling of unit u
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An impact value is given to an emission. It concerns SCOPE1, SCOPE 2 or SCOPE 3 (considering the life cycle) 
The impact is typically measured by life cycle impact assessment indicators.


