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Building Thermal Comfort Energy Demand

Main goal is to keep building zone temperature at the desired level.
= Building energy demand level is: Eg = Egain — Ejoss
= Endogenous source of losses: Ejpss = Q0 + Qso + Quent
= Convection heat transfer from zone and solid to outside air: Q0, Qso
= Ventilation thermal energy lost: Quent
= Endogenous source of energy: Egain = Qradz + Qrads + Qp + Qe
= Radiation absorption by building zone and solid: Q,adz, Qrads

= Occupancy and heat gain due to the electrical devices: Qp, Qe
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Building Thermal Comfort Model Formulation

We define the following model:

Building Dynamical Model

5o . | XBk+l = Xek + fa(XB,ks UB,k» VB,k» VBext,k)T
EE=
y8.k = 88(xB,k> UB k)

= State variables:  xg := [TzB,k7T?c,k’ TsB’k] e R3

= External variable:  vBext,k := [To,k» lo,ks Vo,k] € R3
= Control variable: pump flow rate  up

= Input variable: VB,k = Tfup,k
* Output variable:  ygx := Tit’k

= Sampling period: T
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Heat Exchanger Model

A countercurrent heat exchanger is used and it presents via a static model.

Static Model Variables:

= Input water temperatures: T b biulding plate Toe
bp 2 in,k out,k

Vhe,k += [Tm k° in,k] eR — > —p=
= Control variables: —— ——

pump ﬂOW rates: uA,k? uS,k Toéllllt).k aquifer plate TI:ﬁ(
= Qutput water temperatures Heat Exch

2 eat Exchanger
Yhe,k += [Tout k> out k] eR
How to determine output from input water temperatures? J
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Heat Exchanger Model

Having the following relations:

- TP

= Aquifer plate thermal energy: Qnhe.x = PwCp,wla, k(T in.k

out,k

= Building plate thermal energy: Qhe.k = PwCp,wUs, k(T,,, K Tzzt’k)

= Using the internal thermal energy conditions: Qpex = kheAheATf‘;

. ATt‘: is the mean temperature difference for the heat transfer.

Heat Exchanger Static Model

| Yhe,k = H(Vhe ks U k> Us k)
*7 lvke{0,1,2,---}
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Heat Pump Model

An Electrical water to water heat pump is used with static model.

Static Model Variables:

TeVa TCOn
= Input water temperatures: e ok
—— con eva 2 » '
Vhp,k 1= [Tinko Timk] € R . .
= Control variables: B g
S |— +|3
pump flow rates: ug k, Us k S S
= Qutput water temperatures: < <
eva col
Yook == f)?;;,k’Ti\{;,k] € R2 Tox  HeatPump T
How to determine output from input water temperatures? J
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Heat Pump Model

Having the following relations:

= The thermal energy of condenser Qp x and evaporator Qc x sides:

_ con con

Qh,k = prp,wUB,k( out,k Tin,k
_ eva’  Teva

Qc,k = prp,wUS,k(T,-,,,k Tout,k)

= Using the internal thermal energies conditions:
h h
Qi = khpAhpATnf’h and Qc,k = knpAnpAT P

= The coefficient of performance: COP = Qpk (Qnk — Qc7k)_1
= Using Carnot cycle: COP = 9, T (T — Tcs)_1

Heat Pump Static Model

) Yhp,k = P(Vhp ks UB,k Us k)
7 vk e {0,1,2,-.-}
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Storage Model

We define an storage model with the following first order difference
equations:
Vs,k+1 = Vs,k + Vin,k - Vout,k
\Y Vi
s,k Ts,k + in,k

Toky1 = —
° Vs.k + Vink Vs.k + Vink

in,k

Storage Dynamical Model

> = {XS,k+1 = Fs(Xs k5 Us,k» Vs k)
Ys.k = 8s(xs k)

» State variables: xsk := [Vsk, Tsk] € R?
= Control variable: pump flow rate  wus
= Output variable: ys x := Tgk

= Input variable: vs k1= Tink
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Aquifer Thermal Energy Storage System Principle

Similar modeling as the storage model by introducing different modes:

T2

ink
= Cold season: water is :

€ =m==

injected into cold well
i aq aq aq
and is taken from _VM_. T _’Tout,k
warm well. MT
= Warm season: water Unk Taarfb.k
is injected into warm v aq Taq Taq
well and is taken from ck ck " outk
cold well. 1
L
Tin,k
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Aquifer Thermal Energy Storage System Model

Consider the following mixed-integer first-order difference equations

Vaq k1l = Vw « + (Sw.k — sc K)Vin
Vv

_ aq
c,k+1 — Vc,k + (sC,k - sW,k)V'
aq aq aq aq
T2 Vw k + Sw kVin k aq a(T - Tamb k
w,k+1 = {jaq aq w k aq aq ink aq
’ \ k+kumG \ k+5wkv,nk ’ \% k+5wkvmk
aq
Tad _ Vc,k aq Sc ka k aq a(Tc,k B Tamb,k
c,k+1 — \/aq aq c,k aq aq ink aq ]
’ Vc,k + Sc ka k ’ Vc,k + Sc ka k ’ Vc,k + SCakV'" k

= Integer variables of warm and cold season: sy, Sc.k € {0,1}

= Qutput water temperature is: Ti‘j,t K = Sc kT:., « + SwkT
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Aquifer Thermal Energy Storage System Model

We define the following Model:

ATES system Dynamical Model

5o | XAk = (XA, k> UA ks VA ks Sw,ks Sc,k)
A o —_—
YAk = 8A(XA ks Sw,k» Sc,k)

= State variables: xax 1= [Viy o, Tl ks Vaks Tak] € R
= Control variable: pump flow rate  wua
= Output variable: yax 1= Ton,

* Input variable: vpx := Tm K
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Interconnections between each Subsystem

® ATES system: VA k = Tm Kk YAk = Tout k
" Tm k= Tout k
® Heat exchanger: vk := [Tm P f.’,fk] Yhek ° [Tout P Tth,k
s TR =T and T = (1= ve ) Tok + Ve Tome 4
© Heat pump: vip i := [Tfﬁ'}(, e"ak Yhpk := [ ‘;z';,k,Teut o
T:?:,r}( = Sn k(sw kTout k1 Se, kTret k)+(1 Sn k)(sw kTZ(;tt k+sc’kT:3et,k)
T?r\;,ak = sn(sc, kTout k1 Sw, kTret )+ (1 —5nk)(sw, kTout k+sc’kTEet,k)
@ Storage model: vs i := Tink, Yok = Tsk
* Tink = Vik(Swk Tompic + Sek Tomie) + (1 — vii) Ty

O Building model: vg := Tsup k' YBk = TrBet k

TsBup,k = Vh,k(sw,sz\:}at,k + Sc,k((l - Vb’k) cut k + Vb, kT th k)) + (1 —Vh k)Tout k
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Single Agent Representation

Consider compact formulation of dynamical agent system:
Single Agent Model

Xk+1 = F(Xky Uky Vi, Sk, Ok)

= State variables vector: xx := [xgk, Xs k5 Xa k] € R®

= Pump flow rate variables vector: uy := [ug k, Us k, up k] € R3
= Valve position variables vector: v := [vp k, Vc ks Vik] € [0, 1]3
= Integer variables vector: sk := [Sw k, Sc,k; Sn,k] € {0, 1}3

= Uncertain variables vector: ¢ := [To.k, loks Vok] C A € R3

= State variables are available at each sampling time k.
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Conclusion

Remarks:

= Detailed representation of each subsystem (components) in
building heating and cooling system with ATES.

= Mathematical model of single dynamical agent system.

Next Steps:

= Formulating control optimal problem.
= Determining an objective function for each sampling time.

= Defining operational (state and control variables) constraints.
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Thanks!

Questions?
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