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Problem Statement

= Buildings account for nearly 40% of global energy consumption
= Operational faults waste ~10-20% energy*
= Energy waste and faults in buildings NOT visible
= Unmeasured quantities
Lighting/plug loads (could be measured, but cost is an issue)
Occupancy, Infiltration, etc.

* Require model-based estimation with real time data
Enable cost-effective monitoring and diagnosis
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Objectives

Develop techniques to estimate parameters for reduced order building
models with time-varying inputs from a BMS database.

Estimate the internal loads (e.g. lighting, equipment, people) profile to:
Understand building energy usage

Abnormal loads = improperly implemented schedules (e.g.
lights on when unoccupied)

« Abnormal loads - isolate zones - correlate zonal loads with energy
usage (sub-metered) - correlate abnormal loads with operational
problems or faults that result in energy performance degradation

Help refine the input load profile to energy simulation programs:
enabling real-time whole building energy simulation that could be

visualized along with metered performance

iy United Technologies
Research Center



Estimation Methodology
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= Understand the BMS data e 2 ot o2l Ky = BRI, PHE + VRV
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' ACH; Solar gains; Internal load
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Building Model
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Extended Kalman
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(1) Project the state ahead
]nk = f{.";l::_l. ”.;'.-—].. D]

(2) Project the error covariance ahead

Py = APy 1AL + W0\ WY

T

Initial estimates for % _; and P, ,

(1) Compute the Kalman gam

K; = PiHF(H,P;HT + V,R,VI)™

(2) Update estimate with measurement 7;
iy = iy + Kz, — (33, 0))
(.3) Update the error covariance

P, = (I-K.H,)P;

= The time update projects the current state estimate ahead in time. The

measurement update adjusts the projected estimate by an actual
measurement at that time

= State space form and recursive: predict, correct, predict...

= Implementation with constraints: Directly project an unconstrained state
on to a constrained surface — a quadratic programming problem
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UC Merced Classroom and Office Building

Classroom and office building
3 stories, 92,000 ft?

California climate zone 12

Dual duct dual fan variable air
volume AHU

Dual duct VAV box at zone level ||| I— T { J 1

Central plant provides heating 2" Floor Plan
and cooling

EnergyPIus Rendered Geometry
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Internal Zone (DDV-247)

= Office on 2" floor

E e _ =Only considered sensible heat transfer
=L r— = Adiabatic floor and roof

Jé_- B 4 =No surface heat flux due to solar radiation
| = | L *Dynamic data available:

jm— | |1e64jeal § Zone temperatures

,,_r = VAV box supply air flow rate

VAV box supply air temperature
L = AHU CD supply air temperature +5C
From the additional HOBO sensor data
= Static data available:
Interior wall material and configuration

Ir—_ e —— i —

50 glllieadcs N Room geometry (3.25m*3.86m*3.96m)
I~ T —somo
A manker RN — Rw=Re=0.25024 W/K
5 3/8° \@ 3 1/2" STUC W/ _| |_
IEE- P, —:|—_| — — Rn=Rs=0.2972 W/K
BRSPS I Cw=Ce=12506.83 J/K

A, —HHF Cs=Cn=1053.36 J/K

%@ United Technologies |
Research Center




State Space Formulation — Internal Zones (DDV247)

X = f(x,u)

Y =CX

Input vector:

C=1 00000O0O0TO0 0 O

UZ[Ul U, Uz U, U Ug ]:[msa Tsa TW Tn Te TS

History of zone temperature from sensor: y =T, (t)=Tg(t)
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Estimation Results for an Internal Zone DDV247 _ I

Zone temp (F) — ] Estimated Results (one day) from EKF

26

—o—Sensor Data

| | 1
25, ] 34 4

Supply a|r flow rate (CFI\/I) x 1o oo 8

o

L= 24

WA TR, ML tn U

Supply air temp (F)

air flow rate

| | [ ] |
0 200 400 600 800 1000 1200 1400
Estimated Load (W)

mdeA‘ Supply

—Qint (W)

Tsa, Supply air temp

West Zone Temp (F) e g,
:i 0 | t t
i WMMWWW 0 200 400 600 800 1000 1200 1400
North Zone Temp (F) t — t
C ] 7 — Suppt?y leow Rate |

I 1 : ¥
EIE 15 2 25 3 B 4

East Zone Temp (F)

74 ) ! | ; ; | | | .
’ T ) - : ** ; * ! 0 200 400 600 800 1000 1200 1400

TS, South Zone Temp Te, East Zone Temp Tﬂ‘ MNorth Zone Temp TW,West Zone Temp
o

‘South Zone Temp (F) . Time (mins)
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Estimation Results for an Internal Zone DDV247
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= Solar calculation from whole building simulation program EnergyPlus
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Multiple Scale Estimation Results for August 2007
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2"d Floor in COB; 7 Observation streams; 82 states
With soft constraints— Q >0
Solar calculation from EnergyPlus (using TMY2 data)

Thermal resistances for windows (including frame) from E+,

configuration and materials consistent with as built drawings
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Simulation-Based Zonal Load Estimator Validation

2 o Use COB Energyplus model*
T | to generate data
S T Procedure:
:ul x Assume load profile
kel — Run E+ simulation
g N 10% erra 1 Tane Outputs (zonal temps
s and air flow rates)from E+

+20% error band: 82% ] )
= inputs to estimator

Run estimator
Compare estimated load
with E+ input load profile
Difference due to:
Radiation heat exchange
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Building Measurements
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Second Floor of the Classroom and Office Building

= 14 portable sensors deployed in 7 rooms

= Temp
= Humidity
= Lighting intensity
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Zone supply air temp (red line)

=AHU CD temp (blue line) +5°C

Room temperature, supply air temperature

Lighting intensity
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Estimator Calibration and Assessment el

. L AN -Gk
with Portable Sensor Data rﬂ B e
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= 2 weeks in June 2009, interior room 248 (2 microwaves, 2 mini-fridges)
= Maximum values based on E+ inputs
= Zone supply air temp from portable sensor

= W= Im/ft>*440ft>*85Im/W /0.75

O N Ao a0
7320
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Conclusions

= Load estimator developed with reduced order building model and real time
data.

= Reusable and scalable to other buildings
= Accuracy of load estimator depends on:
* |nput parameters
= Envelope thermal properties: resistance, capacitance...
= Time series inputs : supply air flow rate and temperature

= Open question: Techniques to automatically correlate zonal load
profiles/estimation to whole building performance & operational problems

Floor/Multi- Whole Building
Scale ? Energy
Estimator Performance

Zonal Load
Estimator
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