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Key performance indicators
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=PFL  Building system flows

= Each flow x is characterized by
= Mass flow: e.g. M;

= Thermodynamic state: 7., P., n

X2 X
= State variables : s, e.g. i(T,, P, n,) Appliances
= Transfers are modeled by
" Q]-CI_ =f(7tka M;_’ Sx) Alr

= Energy balance :

D Mf (T Prx)+ ) OF+ Y EF4+ Y Ir=0
f 0 E I

Mass balance : Z M;’f =0 Vn € networks
f
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=PrL What do we know ? : buildings energetics

T

ext,t

QA GAIN BY APPLIANCES

(4 : HewT To CoMPENSATE LOSSES

+()4
TOL: GAN By LIGHTING SysTen
+Qu: Gaw BY HUMAN

+0Q1: GAIN BY |RRADIATION
Qv [085ES BY VENTILATION
“(OR: L1568 THROUGK THE WALLS

Our knowledge :

The model of the building envelop heat balance

O kW1 =E,,

e

IO O TRORAE,

z QL,,[kW] = Ep, — anin,t Gains
v L comfort.s 46, Op W1 = Geap - %}wpf
‘“:_—%> iﬁ +4Q” Q,’t[kW] = Irr; - kg,
mmmw — jDBBD .@/ 0 gngg B E/}CCP“"F;?(TC‘W{;”_ Te’“”)T : Losses
e | S VG Bl Db St T T
Rm)% ) [‘J‘r’:% B E Qv+ Ors = kT comporty = Text)
1A Ff-__ = B Energy balance :
IW / 1 it — what is the heat load to maintain the comfort ?
i : Ou kW1 =max©0,0y,+ Op, — (O, + O, + Ous + O1))
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EPFL. What we want : Q, (1)[kW]

QA GAIN BY APPLIANCES

+(4 + HexT To ComPeNsATE LOSSES
TQL: GAN By LIGKTING SysTen
+Qn: GAN By HomAN
+Q1: G BY IRRADIATION
Qv L085ES BY VENTILATION

- QR Lngses THROGR THE WALLS
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Ambient temperature [°C]
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Heat supply [kW] function :
Qb(t) - max(o’kthb | (Tcomfortb,t - Text,t) - ksunb | I’;rf - aninb,t)
Heat energy [MJ/period] :
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Op(tos tona) =

tend

Qb,l‘ . dt =

)

tend

)

Heat gains :

Appliances : QA,,,t = EAb,t

Lightning : QL,,,: = ELb,t

People : Oy, = Geap, * D, CAPy,

capy,

Solar Irradiation : le,t =1Irr;- Ksun,
Losses

Ventilation

QVb,t = My, * CPyjy* (Tcomfortb,t = Torrr)

Heat transfer through the walls
QRb,t = 2 kwallb ) Swallb ) (Tcomfortb,t - Text,t)

wally,

Balance : Heat to supply
Ony=0Qp; = max(O’QVb,t + QR,,,t - (QA;,,I + QL,,,t + QM,,,t + le,t))

max (Oﬂkthb ) (Tcomfortb,t - Text,t) - ksunb Arr — aninb,t) - dt



=PrL Temperature of the heat supply "’

+ QA © GAIN BY APPLIANCES

+Q4 : HEAT TO COMPENSATE LOSSES
tQL: GAIN By LIGHTING SysTEM
TQM: GAN BY HUMAN

T8 G oy cammn Temperatures of the heat distribution (hd) system:
= Qv: LOSSES BY VENTILATION
" O e THROUG ThE WAL supply T;, and return T,, can be calculated
S T T Y R Y A B D T
S .
e IS e - Ops =ty cpra,- (T = T 111
4_—_—_, HoT
I warer| | | th
et — || [ | T, =T —————— [
. 16 J4}iz0 ! o7 " P g, CPha
%%%RAIEQQ - Co2 L bl b
l TO _.1 H A = - -
VY S ;L—/ =T T, ,is calculated by solving heat transfer equation
I = ” I ‘ 0 b
Texr / +Qy ’ . N ) (T - T )
o B g 0 A L [31*
’ = bt hd,
]’ § ll’l(T comfort t) ll’l( comfortb,t)
Herg PrsTRmmon povestic with UA,, calculated from the design conditions @ 7,,=-10 °C
T . T
rt Lt
UA. . — Q ln(st,design - Tcomfortb,design) - ln(Trb,design - Tcomfortb,design)
hd b,d )
’ e (st,design - Trb,design)
For each building and each time will obtain the minimum supply and return temperatures of the building.
mpese * use [1] and [2] in [3] to have an explicit formula of T , as a function of Q.bJ , Tyg, ¢+ CPha, and UA, 4
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EPFL Energy consumption

- Heat load to supply Q,, [KW]
« 1 supply temperature
« 1, return temperature

- szMvt'pr'(Ts_Tr)
= Electricity to the heat pump

.
v COP
COP X curmorsp " = a2
Tr—s _ Ti—o
T, —T.

with 7 _ =
In(T,) — In(T,)

nCarnot,hp = 0.55
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cPFL Cost of the heat supply ’

Operating expenditure over a time horizon (e.g year) :
horizon 1,
OPEX = [ (2 (m:_(l‘) . V:_’OPEX([)) + E+([) . V;—,OPEX(t))dt
t=0 r=1

p

OPEX ~ 3 (Y (i (p) - vHOPEX(p)) + E*(p) - v OPX () - d,
p=0 r=1

m;p,E; [kg/s, kW] : flows calculated in the system configuration during conditions p

d, [s/lifetime] : probability of appearance of conditions p during the horizon of the system (e.g. year)

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

VZI;OPEX [OPEX/kJ |: value given to Electricity to characterize the system configuration during conditions p
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=PFL OPEX in [CHF/year] including the maintenance & taxes

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

year
Cost of resources Z Z (J Crp My, Q,,-dt) [CHFlyear]

with m lkg/ thh] mass of resource r to supply heat (Q) at time t.

r,u,t
+ Maintenance [CHF/year]
+ Men Power [CHF/year]
+ Taxes [CHF/year] :

fixed : e.g. based on installed power

year
proportional : Z Z (J tyom, - Q,,-dt)y [CHF/year]

with 7, , [CHF/umt,,] tax per unit of r
e.g. tr,t —_ TCOZ[CHF/kgcoz] : mCOZ,r[kgc02/unltr]
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cPrL KPI : Key Performance Indicators of a system :

General formula of the KPI in KPI unit/lifetime
LifeTime n,

KPI = [ (D it (oK) + EX v P (e — E=(0vg KP (1) + Z Lovhihde + Z vEPI(L(S,)

KPI [KPI unit/Iifetime] for n, conditions of operation over the Iifetime of the system

nM
KPI = Z Z pivk VKP4 EyHKPL_ oy = KPL Z Fupvkihd, + Y vEPI(E(S,)

it EJr '; [kg/s, KW] : flows calculated in the system configuration during conditions p

rp?
d, [s/lifetime] : probability of appearance of conditions p during the life time of the system
V,TI;KPI [KPI/kg |: value given to flows or investment to characterize the system configuration during conditions p

Vo KFITKPI/kJ ]: value given to Electricity to characterize the system configuration during conditions p

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

$202O 1

vEPI[KP1/$ invested] : value given to the investment of unit u in the system (typically in )
year $invested

L(S,) [$ invested/Size of u] : investment in the equipment of the system
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=PrL
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Example of key performance indicators

TotalCost[C’HF/year] OPEX + CAPEX + Tax

OPEX = Z Zm "o T)p E;L jp — Ep Cop T zu: fupcma)dy
u=1

p=1 r=1

1 max
g e B

CAPEX = i

Taxr = C’O+ CO+

CcoOF _ CO5
CO; T Z Zm;’_p SOZ —I_ E]—?i_ eap Ep e,p )dp

p=1 r=1
Uzn
Impact = C—C’O2jL (CO;— 4+ Z (5002 gCOg)f;nax)
u=1 ny u
Nrres
RES = Z > o ombo Z fupeieh)
p=1 mes—l

_|_

E'—I- 1 E i qu,p res

u=1

—e,,) =0  Vp=1l.n,
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cPFL OPEX : Operating Expenditure

OPEX|CHF/year| = Z Z e, + . Erct, — Ep_c;p + Z fupcma)dy
p=1 r=1 =

with

!, lkg/h) flow of resource r in period p

cff’ JNCHE kg specific price of resource r in period p

E; kW] Electricity import in period p
C«j,p (CHF /KW h] Electricity price at import in period p
E’p_ kW] Electricity export in period p

c, |CHF/kWh] Electricity price at export in period p

e,pl
Mo [—] number of units
fu.pl—] level of use of unit u in period p
cmy |CHF/h) specific maintenance cost of unit u

dy|h/year] duration of period p

We assume that the specific prices are valid for the whole life time : 25 years !
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cPFL CAPEX : Capital Expenditure

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

om 1
CAPEX CHF = _ I]-u » _|_12u anaa:
(CHF/year] ; T(ny,u,z)( y fi )
1 1 L. :
— ] annualisation factor of unit u
T(Nyu,1) V"

nyw |year| expected life time of unit u
I1, [CHF| fixed investment of unit u
Yu [—]  existence unit u
12, [CHF| proportional investment cost of unit u

frma® [—]  size of unit u
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EPFL CO2 emissions 13

= Measures the amount of CO2 emissions associated to the operation of
the system during the n, operating conditions p.

+ .
COS [kgCOs /year] = Z Zm+ COQ—I—E; SZ? —Ej ¢ fff )dp

rpr
p=1 r=1

¢ [kgCO, /kg,] kg CO2 emitted per unit of resource r burnt (local emissions) -> SCOPE 1
e p [kgC’Og JEW h.] kg CO2 emitted per kWh of electricity consumed

eff > [kgCOo/kW he] kg CO2 avoided per kWh of electricity exported (substituted in the grid) -> SCOPE 2

Tax[CHF /year] = COF~ coy

COZ [CHF/kgCOs) CO2 tax per kg CO2 emitted

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
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cPrFL Environmental impact

o 1
Impact[ImpactUnit/year| = CCO;(CO;r + Z ( 202 + 5&02)](51”)
u=1 Y

¢ Coy [ImpactUnit/kgco,] Impact of CO2 emissions per kg of CO2 emitted
5; O2 kgco,] life cycle CO2 emissions during the construction of unit u
iOQ kgco,] life cycle CO2 emissions during the dismantling of unit u

An impact value is given to an emission. It concerns SCOPEL, SCOPE 2 or SCOPE 3 (considering the life cycle)
The impact is typically measured by life cycle impact assessment indicators.
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