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ABSTRACT

It is well known that building control systems fremtly under-perform, leading to wasted energy pookr space
conditions for occupants. There are many reasonstHis, including insufficient design or commissiag,
deterioration of equipment over time, changes iitding usage and poor maintenance. Thereforedimgjlcontrol
systems are prime candidates for retrofits and ageg. Such activities, though, can be very chaithgnm their
own right. For example, information regarding tthesign intent and current control logic may beidift or
impossible to obtain due to lack of documentatiprgprietary data and communication formats or uomed
modifications. In addition, there is a great defalariability in control system configuration aesdmponents, so
each potential retrofit activity can become a tioomsuming and expensive operation requiring a gl of
expertise.

To reduce these barriers to implementing buildiogtiol system retrofits, a method has been devdlopassist in
the identification and assessment of building aardystem operation and retrofit potential. Thenponents of the
method include a system identification process tiasgorizes the building by type and usage, theroduces an
information model of the control system, which da compared to other similar buildings by categoGontrol
system requirements to meet two performance legeés provided, namely current best practice and high
performance, along with suggested control technofmsirkages to achieve the desired level of perfooma This
paper describes the method and demonstratesatcaae study.

1 INTRODUCTION

The building sector has increased its share of prighary energy consumption, from 33.8% in 198B%9% in
2008 (DOE, 2011), while sick building syndrome (§B&s become a greater concern, suggesting lowtitaten
rates would increase the symptoms (Sundell et2@ll1). These increased rates have challenged hilitty do
reduce the building energy consumption without iotjpgy indoor environmental quality (IEQ). Due tetbuilding
load varying with time, location and other factoeasmore intelligent heating, ventilation, and aimditioning
(HVAC) control system is necessary to maintain proftQ and continue saving energy. Managing ttelaie
resources can aid this goal if we create a HVACrobinformation database or model and apply itnieestigate
system design and retrofit opportunities. Researcthave put forth intense efforts in building mfation
modeling (BIM), which aims to provide databasesécific building information including construatiolife cycle
analysis, operation monitoring, maintenance, ahéromodeling work (Eastman et al., 2008). Compaght, there
is an apparent lack of procedures and databasesplement building information for HVAC control stiegies
analysis, optimization, and retrofit design.

Therefore, the objective of this paper is to prevéh overview of a conceptual design for a buildingtrol system
information model (BCSIM), and the procedure foalexation and retrofit design. It also includesaae study to
briefly demonstrate the procedure. The outcomé@fhse study would include the deliverable rdtpackage and
contribute to BCSIM database with those specifsecstudies as demonstrations.
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2 BUILDING CONTROL SYSTEM INFORMATION MODELING

The BCSIM model aims to profile building HVAC coalrsystem performance, retrofit designs, allowing
comparisons. It is designed to establish a databgsacquiring quantitative and qualitative inforiat from
existing buildings, HVAC systems, control systearsid monitoring parameters.

21 TYPICAL BUILDING CLASSIFICATION

The classification of building types varies wittfeient industries and criteria. Based on the $ypEoccupancy,
the Uniform Building Code (UBC) and the InternatiBuilding Code (IBC) categorized buildings intd groups,
including assembly, business, educational, facémy industrial, high hazard, institutional, merdantesidential,
storage, and utility and miscellaneous (Geren, P0B®r commercial buildings, however, a principativity based
classification was defined in the Commercial Builgh Energy Consumption Survey (CBECS) conducted 18y
Department of Energy, including 14 types of comnatouildings (CBECS, 2003).
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Figure 1 Energy consumption for each commercial buildingetpased on CBECS data.

FromFigure 1, the major fuel energy intensity of building pte§ varies with building types. The food salesdfoo
service, and health care buildings have the highestgy intensity. Office, education and mercartilddings have
the largest portion of total major fuel consumptiasile their dominant energy consumptions are sgeating and
lighting. The energy consumption of space heangso dominant for health care, other, publiceorand safety,
public assembly, education, service, religious Wwiprswarehouse and storage and vacant buildinggiig from
163.5 MJ/Mto 901.7 MJ/rfx; for the food sale building, the refrigeration sames about half of the energy, 1076.6
MJ/n?; for the food service, the cooking is dominantl.22MJ/nf (CBECS, 2003). Because of the variance in
energy consumption profiles for different typesaildings, it would be necessary to include thdding type as a
primary factor to develop efficiency improvememasgtgies.

22 HVACSYSTEM TYPE

The HVAC system type would be another importantdador BCSIM. There are different types of crigefor
HVAC system classification. From the heating andling medium perspective, it can be mainly clasdiinto all-

air system, air-and-water system and all-water esgs{McQuiston et al., 2005). Based on the numbfer o
conditioning zones, it can be categorized as siaglaultiple zone system. For the all-air systbased on the duct
work arrangement between the air handler and timelitoned space, it can be further divided intogknzone
system, reheat system, variable-volume system aabdilict system. Based on the volume change qflpuair, it
can include constant volume system and variablev@itme (VAV) system. A more complete and reastmab
baseline classification was given by ASHRAE (2010a% shown in Table 1, this classification inclade types of
HVAC systems, and each system has its own spetiificain fan control, cooling, and heating types.
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Table 1 Baseline HVAC system types based on ASHRAE (20{&eajept low-rise buildings).

Fan Cooling Heating
Control Type Type
s 3
. > g o |w
System No. (Type) Building types = <>( ol B 1€ |8 |= ®
g |5 S| 5|88 |8,.],8
— 1) = O Y= (8]
ZESEns| B|58Ee7 ¢85S
S3£323 Z |55|8E|8E|87
028|886 3| O |ET2|walfau®
1.PTAC (Packaged terminal air conditioner)  Resiidént N N N
2.PTHP (Packaged terminal heat pump) Residential V \
3.PSZ-AC (Packaged rooftop air Nonresidential and 3 Floors N J J
conditioner) or Less and <2300
Nonresidential and 3 Floors
4.PSZ-HP (Packaged rooftop heat pump)| 27 P50 02 N N N
Nonresidential and 4 or 5
5.Packaged VAV with Reheat (Packaged| Floors and <2300 fror 5 J J N
rooftop VAV with reheat) Floors or Less and 2300°m
to 14,000 rA
6.Packaged VAV with PFP Boxes Nonresidential and 4 or 5
i Floors and <2300 fror 5
(Packaged rooftop VAV with parallel fan- N Y N
Floors or Less and 2300°m
powered boxes and reheat) t0 14.000 1A
7.VAV with Reheat (Packaged rooftop Nonresidential and More J N N N
VAV with reheat) than 5 Floors or >14,000°m
8.VAV with PFP Boxes (VAV with parallel| Nonresidential and More J N N
fan-powered boxes and reheat) than 5 Floors or >14,000°m
9. Heating anq Ventilation (Warm air Heated Only Storage N wone | None J
furnace, gas fired)
10. Heating aqd Ventilation (Warm air Heated Only Storage N wone | None N
furnace, electric)

23 CONTROL SYSTEM

Basically, a control system includes the contrabiagare, software and logic. In commercial buildinthe control
system design is generally customized to meet 8p&tVAC requirements. Basic control hardware usetiVAC
systems include analog electronic, and direct aigibntrol (DDC) (ASHRAE, 2007). Basic control nesdinclude
two-position (or on-off control), floating contradnd modulating control (or called analog conteodj. proportional
plus integral plus derivative (PID) control) (Hasnand Hittle, 2006). Advanced control strategiedude rule-
based control, model-based predictive, fuzzy cdntreural network control, agent-based intelligeantrol and
self-adaptive control, which still requires morgdstigation about their pros and cons (Dounis aaiScos, 2009;
Marik et al., 2011). The control sequences arensarized inTable 2 based on control targets in typical HYAC
systems, including zone air temperature, statisquie, humidity, supply fan, economizer, mixingtuair flow
rate, zone damper position, etc. Each control esecgs might be operated with its own control stratégg. Pl
control or agent-based control.), but the ultimgwal of a HVAC control system design/retrofit stibdibcus on
system-wide level integration and energy consesmati

To communicate between different sensors, actuatorgrollers and sub-systems, appropriate coptaocols are
critical for the HVAC control system. Currentlfhet main control protocols include network standand HVAC
information protocols (Montgomery and McDowall, B)0 The network standard provides a frameworkefach
controller to understand the meaning of the datagbgent and how to request data from other cdetol Common
standards include Ethernet, ARCNET, RS-485, anéless. The HVAC information protocols provide skarils
to package and unpackage the information to be aedthow it is physically transmitted. BACnet - Data
Communication Protocol for Building Automation a@dntrol Networks has been widely accepted and a0
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and covered by Approved American National StandafSI) /ASHRAE Standard 135-2010 (ASHRAE, 2010b).
This standard includes a set of rules about cdetrblardware and software, communication for HVAGhting,
smart elevators, utility metering, physical acoemstrols (PACs), etc.

Table 2 Examples of control sequences for different cdringets.

Control Key Measured | Set Controllable
target Sensors variable | point actuator Examples of control sequence
Room . * Room thermostat opens or closes the hot or chillgtgr return
: Hot / chilled - : h h
Zone air thermostat / T T water return valves based on either heating or cooling requirgme
temperature| Discharge ? zset valves « In large system, add a discharge thermostat todwepthe system
thermostat response speed.
Return-relief | * Require a controller to operate the relief dampdependently to
Static Static pressure - maintain Ria-set
Psta Psaser | fans/ relief ) )
pressure sensor damper * In large system, to compensate the pressure drbireturn air
duct, a relief fan (exhaust fan) can be used toa@ Ry sc.
Humidifier / | ¢« The conditioning airflow should pass through thelicgy coil and
Humidit Humidistat T @ set, cooling coil / then the heating coil.
Y /Thermostat @ 1z Tyoset reheating * If the system requires fixed low humidity limithamidifier can
coil be added to maintaip .
Fire safety . ) . ) . - ) o
Supply fan | switch /Smoke Fire / No fire Fire safety * If fire or _smoke appears in the b_undmg, th_e _ﬁafety switch in
detector smoke /smoke| switch old building, or smoke detector in new buildinglsiiop the fan.
. Outside / Zone To-ses Outside / A mixed-air controller modulates the outside, retand relief
Economizer thermostats To T2 TZ'“ return / relief damper based on.TT '
o-set damper p N, 112
* In one-motor mixing box control, the room thermostantrols the
damper motor to provide either hot or cold air lolagie demand.
Hot /cold )
Mixing unit Room T Ty ducts  In two-motor system, the room thermostat contriodstiot air
thermostat z e d damper. If the cooling valve is fully open butlsillow total
ampers :
volume, a volume controller can override the robermostat to
partially open the hot air damper.
: : * The airflow rate measurement is used to controtéhgn fan
Air flow Airflow rate Supply fan A . . .
rate sensor Q AP, motor motor speed to maintain a constant differentia tean supply air
flow rate.
* Each zone thermostat modulates its zone dampeaitttam T,
Single-duct based on different loads.
zone Zone T T Zone » If T, decreases, the zone damper will be modulate t@ntard
z z-seb . oy
damper thermostat damperr minimum position.
position « A discharge temperature controller controls thepsupir
temperature.
24 INVENTORY OF CATEGORIZED MONITORING PARAMETERS

To acquire the real-time environmental informatitime control system requires a reasonable invendbrijeld
monitoring parameters as control inputs. Thenctrdroller compares those measurements with satspolf the
difference is larger than the allowance range, thetnator would make adjustments to correct fordifierence.
Kusiak et al. (2010) had ranked the importanceeofes parameters for energy modeling for a multiez&/ AV
system via statistical methods. However, thewstilisa lack of standards or models which can beduss references
to determine which parameter should be measuredprdvide a reasonable inventory, one possibletisolus to
simulate a system that has sensor data for evessilje variable in the system. With this complatewledge, the
system could, in theory, decide the absolute bmstral strategy. Then this best-case scenariongpewed to a more
generic baseline, regarding economics of equiprests, maintenance, worker comfort/productivityd amergy
conservation.

Table 3 summarizes a list of possible monitoring variabhesinly based on HVACSIM(Clark, 1985). The
original inputs of 26 types of component models r@@rganized into 8 major subgroups of input signabntrol
signal, flow rate, heat flow, pressure, positiastational speed, humidity ratio and temperaturesaMvhile, other
parameters such as g@oncentration, solar normal flux, occupancy, inéérload, room schedule, occupant
activity, and light level are also included as dapgental parameters for the Type 5 room modelthisway, with
the maximized monitoring parameter list, a refeeegaide can be developed to provide informationkfoitding
HVAC control and monitoring variable selections.
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Table 3 Summary of monitoring parameters mainly based YAESIM+ models.

Variables\Types

Type 11: Hot water to air heating coil (detail

Type 10: Hot water to air heating coil (simy
Type 12: Cooling or dehumicying coil

< [Type 13: Thre-way valve with actuator
Type 21: "Grounded" water or air split
Type 22: Steam spray humidif
Type 23: Steam noz:
Type 25: Steam to air heat exchar

Type 3: Inlet Conduit (duct or pig
< [Type 26: Control signal invert

Type 4: Flow merg
Type 14: Evaporative humidifi

Type 15: Room mod
< [Type 16: Sticky P controll

Type 19: Flow balance cont
< [Type 20: High light or low light controll

Type 2: Conduit (duct or pip
Type 7: Temperature sen

Type 5:Damper or Valve
< [Type 8: PI controlle
Type 24: Ideal gas noz.

IType 1: Fan or Pun
Type 6: Flow spli
Type 18: Plenui

< [Type 9: Linear valve with pneumatic actui

< [Type 17: Mixing dampers and me

Control signal
Flow rate
air mass flow rate
steam mass flow rate
water mass flow rate ViVv]|V
Heat flow \
Pressure
air pressure ViV V|V|V]|V VARAR \ v v v VAR
water pressure VAR
steam pressure Vv
Position
actuator relative position v v v
Rotational speed
rotational speed V4
Humidity ratio
outlet air humidity ratio v
inlet air humidity ratio v v Vi
Temperature
ambient temperature V|V
air temperature V|iV| V|V \ VIV V|V|V|V v v v
water temperature ViV]|V
mass temperature \
stagnation temperature VAR
steam temperature \/ \/
Light Level*
Occupancy*
CO, Concentration*
Solar Radiation*
*parameters not listed in HYACSIM+ models

<
<
<
<
<
<
<
<
<
<
<
<
<
<
<

<

EAEIRIES

3 EVALUATION AND RETROFIT PROCESS

In order to deliver a reasonable retrofit packalge,building profile of the study case is generdtech BCSIM and
then applied in the evaluation and retrofit procedsgenerally includes existing HVAC system ewlan, retrofit
design, simulation and comparison analysis.

3.1 EVALUATION PROCESS

The objective of the evaluation process is to ereaBCSIM profile for the evaluation object. Akigitrated in
Figure 2, a building profile is firstly built to @htify its building type, HVAC type, building sizeand HVAC
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components. Then, the monitored parameters itirgibuildings are used as the baseline model. iMhentory of
maximized monitoring parametersgble 3) is used to analyze the building profile of thisdy case to generate a
reasonable maximized inventory. Meanwhile, thestaxy building HVAC system performance is evaluafiexn
the aspects of energy consumption, indoor com$aifigty, and occupancy satisfaction. As a resyseréormance
score can be given for the baseline performanceaanthventory of maximized potential monitoring giaueter

packages would become available.
A Building Profile

o Categorized
Building monitoring HVAC system
classifications
parameters types

‘\\

Q

S
Building Types Monitoring Variables HVAC System Types
(CBECS, 2003) e  Temperature (ASHRAE, 2010) Evaluate existing
e  Education q e  Flow Rate 3 e 1.PTAC control system
e Food Sales e  Heat Flow e 2PTHP X performance based on:
e Food Service <—> |e Pressure '—’T e 3PSZ-AC L |* Energy
e  Health Care e Position e 4.PSZ-HP consumption
e Lodging e Control Signal e  5.Packaged VAV with e Indoor comfort
e Mercantile e Rotational Speed Reheat . e Safety
e  Office e  Humidity Ratio e  6.Packaged VAV with e  Survey
e Public Assembly e CO2 Concentration PFP Boxes .
e Public Order and Safety e Solar Normal Flux ¢ TVAV W!fll Reheat
e Religious Worship e Occupancy ¢ 8VAV with PFP Boxes
e  Service e Internal Load ¢ 9 H@atmg and
e Warehouse and Storage e Room Schedule Ventnlaugn
e Other e Occupant Activity *  10. Heating and Current
e  Vacant e Light Level Ventilation performance score

(e.g. 30 out of 100)

Building control system
information model (BCSIM)

based building profile

=

Figure 2 Flow chart of the HVAC system evaluation process.

3.2 RETROFIT DESIGN AND OPTIMIZATION

The purpose of retrofit design is to improve thédding performance. However, it is a challengest@luate this
improvement, due to the lack of available standarideria. Therefore, it becomes necessary to ldpveasonable
criteria to evaluate the retrofit design. Firstadif based on the retrofit requirement, the rétrnobuld be separated
into two types, best-practice and high performaritiee best practice retrofit design would be defins acceptable
economic cost and high energy efficient improvemenhis type might be widely applied in commerdaiedrofit
designs and practices, and adapted by some govetalnmegulations and building industrial requireisen The
high performance retrofit design would be definsdhe highest energy efficiency performance, withiade-of-the-
art energy efficiency profile and comfort indexhig type might be mostly implemented by institutiaboratories
or high-technology facilities. Possible criterta these two types of retrofit design are propasebable 4.

Another challenge is how to select a reasonabteoficontrol and monitoring parameters. An optiatian or
selection methodology needs to be explored to géméhe inventory of parameters for monitoring/tooin One
possible suggestion is to maximize the potentigbhmpeters based omable 3, and then use that maximized
parameter inventory to build a virtual reference A8/system with simulated operation results, whiohld serve
as the high performance HVAC control system refeeenThen, based on the specific requirementsisstiudy
case, some expensive retrofit options might be wethoor advanced algorithms (e.g., genetic algoritheural
network, etc.) can be used to optimize the paranselections. These would require further explorat
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Table 4 Example of possible criteria for best-practice aigh performance retrofit design.

Best-practice High performance
Criteria Basdine?®
Value® (Reduction) Valu€ | (Reduction)
Total energy consumption (MJ#ear) 10334 516.7 (-50%) 206.7 (-75%)
Peak-load (MJ/f) Vary Vary (-50%) Vary (-75%)
Annual major fuel expenditures ($m 16.6 8.3 (-50%) 4.2 (-75%)
Safety N/A High Medium
Initial investment ($/rf) N/A 1000 2000
Simple payback (year) N/A 20 15
Percentage of people dissatisfied (%) N/A 20 15
System response time (s) N/A 60 30

2Value based on the total major fuel energy intgrfsit all buildings (CBECS, 2003).
PValue based on approximate estimation.

The conceptual process of BCSIM retrofit desigrestigates a series of retrofit categories includivAC system
type, local weather profile, control type and sew#e data acquisition, etc. Based on suggestigridaines and
Hittle (2006) and Watts (2007), similarities exé&shong the retrofit options for different systemdgpsuch as to
remodel the system to become a VAV system or tetré® mixed air controller. For single-zone systadding
reset to the mixed air controller based on zond ken save energy. The control sequence of coalingheating
valves needs to be improved to avoid overlap arddh speed needs to be minimized to save endfgy.multi-
zone systems, adding a reset for mixed air coet®lbased on zone load can save energy; or altatyatthe
heating coil control can be reset based on outtloperature. For reheat system, adding discriminaiay to
reset the supply air temperature can minimize thergy use; replacing existing thermostats with eemad
thermostats can minimize the reheat demand. Fhendcal weather prospective, it is recommendeddo an
economizer for hot dry, mixed-dry and marine clieyand cold and severe cold (and subarctic/arcliiciate; and
to correct refrigerant charge for hot dry, mixeg-dnd marine climate, and mixed-humid and hot hudtiithate.
For control modes, it is recommended to replacePttoportional (P) controller with proportional plugegral (P1)
controllers. Other options for retrofit design ddarther analysis. Then, the related hardwaresarfvare will be
selected based on the selected retrofit optiormwenter, those retrofit design lists are not congaleind would still
require more efforts to explore potential retrefitategies with quantitative information.

3.3 SIMULATION/MONITORING RESULT COMPARISON

In order to evaluate if the retrofit design meéts tequirements, two points of comparison needetednducted;
simulation based comparison and field measuremased comparison. The simulation will compare tkistieg
HVAC control system performance with the retrofitsegn, from energy consumption, thermal comforfigtya etc.
If the simulation result does not meet the retrdéisign requirements, then the designer should teelaetrofit
design with some alternative options, until theigiesequirements are satisfied. Then, the retddiign package
will be delivered for installation and constructioAfter completion, field test and monitoring wile conducted to
analyze the actual performance, and compare it thighsimulation results. This comparison can themgenerate
constructive suggestions for future study and ecédne original BCSIM database.

4 DEMONSTRATION WITH BUILDING 101

Building 101 is an office building located at thawy Yard in Philadelphia. The HVAC system is sexduct and
multi-zone type, with each air supply controlled\b&V unit. The heat equilibrium is achieved by astjng the
heating/cooling supply in response to the dynarhange of heat loss/gain. As showrFigure 3, based on our
conceptual evaluation, retrofit design, and sinofdmonitoring processes, the existing Building Pbdafile would
be firstly processed by the BCSIM and generaté#tsic required information for later processeserntthe retrofit
design checklist for Building 101 could include,aldd discriminator relays for reset of hot and qu&hum set
points; 2) reset the mixed air controller basea@oling demand; or reset the heating coil contrdiiesed on the
outdoor temperature; 3) use actuating vent registgrreplace the standard vents in each roomwiitless

International High Performance Buildings Confereat®urdue, July 16-19, 2012



3468, Page 8

controlled louvered vents; 5) replace existing thastats with dead-band thermostats; 6) reset tkedvair
temperature controller from the discriminator rel@ycorrect refrigerant charge; etc. Further gses are required
to evaluate other retrofit options and simulatiesuits.

Building 101 profiles

3
\\
b
S
BCSIM database
~ ~ ~ y
Evaluation HVAC components
Building Types: identification: fans and Building Size (f): :’V:“C\f': (f m'th
< office pumps, flow splits and 10,001 to 25,000 é’l’l“" . w1
merges valves, sensors ched
and controllers, etc.
I
Building control system Current monitored parameters Current performance
information model (BCSIM) e Outside air te[jn erature y Score —
based building profile o Duct statio pres';lre (e.g. 30 out of 100)
.
/
HVAC system y Multizone system . .
’ R 3 Reference list
typ e Add discriminator relays for reset o Required actuators
of hot and cold plenum set points. Digcriminator relaA / mixed
l e Reset the mixed air controller as a air controller / heai,in coil
function cooling demand. controller / vent re is%er /
. Other» Alternatively, reset the heating coil 8
information Y controller based on the outdoor = controllable louvered vent
) temperature. .
. . Re ed sensors
Rethf't l e  Use actuating vent registers. ° qu{trLd sensors
design o Outside thermostat / Zone
< Humid subtropical climate thermostat / static pressure
Local weather Je  Correct r5 fricerant chare sensor / Outside humidity
profile o & & sensor
Retrofit design Based on requirement
list packaging
Best-practice retrofit High performance
» packages retrofit packages
~
- + : .
Simulation / Comparison result analysis
field monitoring ) F:ggy consumption
comparison . Back to the
X . — retrofit design
Simulation/ process
monitoring
com ariso};< esult meet the T
p requirement?
N
Package delivery
~

Figure 3 Example of conceptual HVAC system evaluation,ofétdesign and comparison process.

5 CONCLUSIONS

This paper presented a conceptual structure oflibgilcontrol system information modeling and thegass of
utilizing the BCSIM for specific building HVAC sysin evaluation and retrofit design. There are difiie
categories of resources available for building muinsystem optimization and requires further eBotd explore
different methods of how to manage the buildingfifgdnto the BCSIM model. Meanwhile, researchensl dhe
industry need to establish a fundamental methatasrdard to evaluate the performance of a congstém, so that
comparisons among different control strategies @didcome practicable. It would also require mdferts to
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investigate different methods for the systematitinoigation, parameters selection, and retrofit gessimulation
and comparison. Future work would also need tagam system-wide energy reduction and IEQ imprargm

NOMENCLATURE
T temperature © Subscripts
P static pressure (Pa) z zone
® relative humidity (%) set set point
Q air flow rate (nis) 0 outside
c control
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