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ABSTRACT

For users and delopers of engyy simulation soft-
ware tools, knwledge of which inputs ha the great-
est impact on the simulation results will dictate which
areas of the dilding require additional delopment
and input time.

This is the second reporting of a studmining the
sensitvity of simulation results to modelling assump-
tions and user inputsin this case, the sensitly of

the HVAC systems eneigy consumption to arious
furnace inputs, and the impact of the internal condi-
tions on the annual heat load axamined.

The predicted furnace emgr consumption as found
to be sensitie o the simulated étiencgy and the part
load cure. Thecorvective/radiant ratio of heat injec-

tion, and the set-point and set-back temperatures had

the greatest impact on the predicted heating load.

INTRODUCTION

The huilding simulationist is forced to makumerous
assumptions to abstract the conxtles of reality to a
model of manageable resolution — this is the art of
building simulation. Deciding hav to sub-divide the
building into thermal zones, selecting which geometric
features to include an&eude, and choosing whether
to model shading byxéernal objects are common
decisions dced by the simulationist.Decisions
regarding modelling resolution must be made: should
an intgrated air flaw model be emplged to calculate
infiltration and interzone air flavs or will prescribed
values sufice? Shouldthe sun be tradd to deter
mine which internal suaices absorb solar radiation or
is it adequate to use a simpler approach?

It is obvious that &cluding significant elements from
the model can compromise the gy of simulation
results. Havever, the inclusion of unnecessary detalil
may also contribte to uncertainty For example, sub-
dividing a huiilding into thermal zones may introduce
errors if the significant heat transfer paths between the
zones (intezone air motion, internal sarfe comec-

tion, and longwaveradiation) are poorly characterized.

Each of these assumptions and decisiofexisf simu-
lation predictions.Consequentlya lid grounding in
the principles of bilding physics and considerable

experience in the application of simulation are neces-
sary when a tool presents the user with so yman
degrees of freedom.Coping with so may assump-
tions and decisions also requires significant time for
data githering and data inpufThese are tev of the
significant barriers impeding the further adoption of
simulation by kilding design professionClearly the
pragmatic design of user intades that focus the
users dtention only on thoseattors that are truly sig-
nificant for the problem at handowld contrilute to
addressing these issuebhis is one of the objests

of the HO'3000 project (Haltrecht et al 1999yVith
this, a simplified usefriendly interface tageted at
house designers and egyerauditors is being inte-
grated with a detailed uiding simulation program
(the engine).This software relies healy upon prag-
matic assumptions and inlt defaults to streamline
data entry

The deelopment of these pragmatic assumptions and
in-built defaults is the topic of this pape$pecifically,

the goal is to determine whichdtors hae te great-
est impact upon simulation result§hese results will

be used in the HTBOOO user intedce design and in
the translation of the simplified user input to the
detailed simulation engine.

This paper represents the second reporting of this on-
going work and as such does not yide a compre-
hensve examination of thedctors that impact simula-
tion results. Pat 1 of this work is to be published in
the Proceedings of the Building Simulation Conrfer
ence (Purdy and Beausoleil-Morrison, 2001)he
method reported here will bextended to ®amine
other fictors in the future.

Part 1

Pat 1 of this work examined &ctors as dierse as ther
mal bridging through the opaquevelope and wind
shielding. Thefollowing gives a bief description of
the factors @amined and the conclusions determined
in Part 1.

The folloving geometric and zoningadtors were
examined: sub-dision of the ving space into multi-
ple thermal zones, simpleersus gplicit representa-
tion of windaws, internal thermal mass, and shading



by overhangs and surrounding objecfBhe impact of
heat transfer paths through theilding ervelope,
including: thermal contact with the ground, thermal
bridging through the opaque\atope, windav optical
and thermal properties, and air infiltration, wexara-
ined. Inaddition, the impact of the modelling of con-
ditions eternal to the bilding, such as: the disttib
tion of diffuse solar radiation,x¢erior temperature,
the longvaveradiation &change between theiitding
and the surrounding ground, and the ground reflected
solar radiation, werexamined.

It was determined, that the simulated heat load w
particularly sensitie o the folloving parameters: the
sub-zoning of the Ving space, the simulation of the
ground contact, the thermal bridging through the
opaque evelope, the modelling of infiltration into the
house, the xernal temperature, and the ground
reflected solar radiation.

It is important to note that these papet$1 and 2,
treat the specific case of residentialldings in cold
climates where the objeetis d the analysis are to
predict enagy consumption and the eggrimpact of
design alternatis.

The simulation evironment used in this study is first
described. Thesensitvity analysis approach is then
outlined and the parameters to beeBtigated dis-
cussed. Resultare presented and finally conclusions
are dravn.

SIMULATION ENVIRONMENT

A devdopmental ‘ersion of the H®3000 program
was wed in this analysis.Development of the
HOT3000 simulation engine is based upon the com-
prehensie and etensiely validated simulation pro-
gram ESP-r (ESB 2000). Theinterested reader is
referred to Haltrecht et al (1999) for a discussion on
the rationale for selecting ESP-r as the starting point
for the HO'3000 deelopment.

ESP-r applies a finite-ddrence formulation based on
a aontrol-wlume heat-balance to represent allvahé
enepy flows within the loilding. Thebuilding is dis-
cretized by representing aiolumes (such as rooms),
solid-fluid interfices (such as the internal amxdeenal
surfaces of walls and windws) and plant components
(such as boilers and ducts) with finitefeience
nodes. Numerousodes are placed through eaab-f

ric element (valls and windws) to represent these
multi-layered constructionsA heat balance is written
for each node in algebraic terms, approximating the
governing partial diferential equations and linking all
inter-node heat fivs over time and spaceA simulta-
neous solution is then performed to determine the state
of each node and the irteodal heat flows. The

equation set is reformed and resa\for each subse-
quent time step of the simulatiolA comprehensie
review of this approach is gen by Clarke (1985).

Numerous modelling capabilities Veabeen added to
ESP-rs extensible structure to support the HEDOO
development. Theseénclude the BSESIMP ground
heat transfer algorithm (Beausoleil-Morrison and
Mitalas 1997), the AIM-2 air infiltration model
(Walker and Wilson 1990), and models to predict the
performance of residential NC equipment. This
simulation ewmironment is referred to as ESP-
r/HOT3000 throughout the paper

ANALYSIS METHOD

Differential sensitiity analysis (DSA) is empieed in

this analysis. As explained by Lomas and Eppel
(1992), the DSA method enables a direamination

of the sensitiity of simulation results to input parame-
ter changes A base casélilding model is first cre-
ated and simulated using best estimates for the param-
eters under consideratior series of simulations are
then performed on models modified from the base
case. Asingle input is gried in each simulation while
the remaining inputs remain at their base cadees.

The change in the predicted parameter thus represents
the direct measure of the impact of the change made to
a dgngle input,AE = E; — Epgeecase WhereE; is the
simulation result attained with the modified input
parameter an@, secase iS the result for the base case.

DSA is usually applied touilding simulation in the
contt of uncertainly analysis andaldation (Mac-
donald and Strachan, 2000However, it is equally
applicable for identifying the parameters which most
significantly afect simulation results.

A number of input parameters argaeined in this
sensitvity study The descriptions of the input param-
eter \ariations and simulation results vea been
divided into two groups: issues relating to the A¥
equipment, and the impact of theilding’s internal
conditions on the annual heating load.

It is important to note that the results are not presented
in terms of sensitity coeficients (A\changéAinput),

an inappropriate metric for this type of analysis.
Rather the results reflect the sengity to each mod-
elling decision, wer a realistic range of possible
options. Br example, the manatturer determines
the capacity of a furnace, so there is reyi little
uncertainty associated with these inputs; whereas,
there is a lager uncertainty wolved in the modelling

of the cowmective regme generated by the AC
equipment.

In this work, the simulation results of interest are the
heating load placed upon the hogselVAC system,



integrated @er the year as well as the AZ systems
enegy consumption. Although the HWC models
have mot yet been fully implemented in ESP-
r/HOT3000, a complete furnace model igitable for
this analysis.The folloving section describes the base
case for this study

BASE CASE MODEL

The HOI3000 softvare is primarily tageted at mod-
elling Canadian housing (although its approaches are
equally applicable in other climatesConsequently
one of the houses at the Canadian Centre for Housing
Technology (CCHT) was selected as the base case for
this study The CCHT houses (Swinton et al 2001) are
built to the R-2000 engy eficiency standard (NRCan
1994) and as such represent a typical moderrggner
efficient Canadian house.

Figure I ESP-r/HOT3000 model of base case

The CCHT house is composed ofotvebove-grade
storgys and a fully conditioned basemerits wood-
framed construction isuilt upon a cast-in-place con-
crete foundation.With 240 m? of conditioned floor
area (not including the basement) its size is typical of
modern Canadian sutban construction.The house

is well insulated: the nominal Ualues of the ab@-
grade valls and ceiling are 0.24 and 0.3%/m?°K,
respectiely. The nominal U-alues of the windes
are 1.9W/m?K while RSI 2.72 cuers the interior sur
faces of the basementalls. Asa result of careful
ervelope detailing, the airtightness rating of the house
is 1.5achat 50 R depressurization.

An ESP-r/HO'3000 model of the CCHT as con-
structed (see Figure 1)our thermal zones were used

to represent the hous&he basement, the attic space,
and the attachedagage were each represented as ther
mal zones while the twdoreys of living space were
represented as a single zorie.the model, the Ving
space and basement zones were conditioned by the
houses HVAC system, a 19.8 kW condensingsgfur
nace, while the attic andagage were "free floating”,
varying in response to the thermal contact with the

other zones and the outdoor$he contact between
the basement zone and the grourabwnodelled with
the BASESIMP model and the air infiltration as

modelled with the AIM-2 model.

This ESP-r/H@3000 simulation of the base case
CCHT model predicted an annual heating load of
51.98 GJ. Since measured data were wgitable at
the time, empirical alidation of the ESP-r/HTB000
model of the base caseas/ not possible (empirical
validation will be performed in the near futureJhe
ESP-r/HO'3000 base case modelwever, compared
well in simulation predictions ainst the results of a
more simplified calculation program (NRCan 2000).

HVAC SYSTEM

The following factors decting the performance of the
HVAC system werexamined:

* Furnace steady-statefiefency.

¢ Furnace part-load cuev

« Damper control and flue opening area.
 Location of heat injection.

» Corvective regme generated by HAC equipment.

The purpose of this research is to determine which
inputs are significant in simulation, to aide in the
development of a user intaate. Assuch, the dctors
chosen for analysis represent a reasonable data set that
the user wuld have acess to at the time of simula-
tion. The do not, havever, represent all the possible
information required onilable.

Furnace steady-state efficiency

The base case furnaceasvmodelled as a condensing
gas furnace with 94% steady-statdigencgy. To test
the significance of the furnacdiefencgy, the condens-
ing gas furnace &s modelled with te different efi-
ciencies: 85% (a 9% reduction in egereficiency),
and 70% (a 24% reduction in eggreficiencgy).

Reducing the é&tiengy of the condensingas furnace

to 85% resulted in a 9.5% increase in the gyneon-
sumption of the HXC system, sed5% efficiencyin
Figure 3. This represents a one-to-one relationship
between the reduction in eggr eficieny and the
increase in engy consumption.Further illustrating
this relationship, reducing thefiefency of the con-
densing gs furnace to 70% resulted in a 25% increase
in the enagy consumption of the HAC system. see
70% efficiencyin Figure 3.

Furnace part-load cuwve

The furnace will not operate at full capacity through-
out the heating season, it wilyde on and dfin



accordance with the heating load placed upoiéat

is injected into each zone to maintain the set-point
temperature in the space$o account for the impact

of this g/cling on the furnace performance, the A0/
model in ESP-r/H®3000, uses part load cew (Hen-
derson, 1998 and Barringdf91).

The part load cuey, Figure 2, is a representation of
the part load diciency based on the part load ratio for
ary given hour. The part load ratio (PLR) and part
load factor (PLF) are defined as:
PLR = Hourly Load/ Available Capacity and
PLF = Part Load Efficiency/ Steady Staté&ffi-

ciency

To examine the impact of the reducedi@éncy at dif-
ferent part-loads, the HAC input file for ESP-
r/HOT3000 vas modified to simulate a spark ignition
furnace. ltcan be seen in Figure 2 that the spark igni-
tion furnace has a significantly fdifent part-load
cune from the condensing furnacét is important to
note that all other parameters relating to the furnace,
including hut not limited to capacity and fefiency,
remained at the base casdues.

Figure 2 appears to slhian anomaly for the condens-
ing furnace.lt indicates that the part loadfiefency of

the furnace can increase slightly at part load condi-
tions. Hendersoif1998) informs the reader that this
effect is due to thewersized heatxchanger at the part
load.
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Figure 2 PLC for condensing & spark ignition furnaces.

As can be seen in Figure 3, the M¥/systems enegy
consumption is quite sens®i  the part-load cumr
selected. Changinfjom the condensing to the spark-
ignition furnace increased the heating seasonggner
consumption by 9.2%, sespark ignition fur nacein
Figure 3. Therefore, obtaining accurate information
on the furnace type, i.e., the appropriate part-load
curwe, is warranted in this type analysis.

Damper control and flue opening aea

For most furnaces, hot combtion air &its the house
through the flue.A condensing furnace does not uti-
lize a flue, instead using a small pipe through which
the comlbistion air &its the house.For this reason,
simulations to determine the modgel&nsitvity to
damper control and flue diameter were performed
using the spark ignition furnace.

The use of damper control has beenwshdo reduce
the infiltration into the house, and therefore the annual
heat load, see Purdy and Beausoleil-Morrison (2001).
For this analysis, the impact on the furnace consump-
tion was eamined.
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Figure 3 Sensitivity to HVAC parameters.

In the first two cases, the spark ignition furnacesv
modelled with a 100mm and 150mm flue, and then
with damper control on the 100mm and 150mm flues.
The flue diameter inputs are represented in the AIM-2
infiltration model, as theprimarily impact the infiltra-
tion load on the house.

The use of damper controlas shavn to significantly
reduce the furnace emgr consumption. For the
100mm flue with damper control, séamper with
100mm fluein Figure 3, a 2.2% increase in furnace
enegy consumption throughout the heating season
was alculated. Thiscan be compared to the 5.4%
increase in furnace emgr consumption for the case
with a 100mm flue and no damper control, spark
ignit. with 100mm flue in Figure 3. The diference is
even more pronounced with the Fer flue diameter

A 4.7% increase in furnace eggrconsumption as
predicted for the case with damper control and a
150mm flue, sedamper with 150mm fluein Figure

3. Thisis significantly laver than the 10.2% increase



for the case without damper contrspark ignit. with
150mm fluein Figure 3.

Given this sensitiity, it can be concluded that detailed
information concerning the diameter of the flue and
damper control are required for this type of analysis.

Location of heat injection

Heat is injected corectively to the room air with a
forced-air heating systenilhat is, the H¥C system
acts immediately upon the room air temperature.
Other H\AC systems, such asytronic, electric base-
boards, and in-floor heating, inject heat both radia-
tively and cowectively into the room. These dects
are captured in the ESP-r/HHB000 simulation.

A number of simulations were performed to assess the
significance of the location of the heat injection,
specifically the ratio of radiant and sentive heat
injection. Simulationswere performed whereby the
percent of the heating load met by radiant injection
sources were: 0%, 50%, and 100%he same set-
point dry ulb temperature s used in all runsThe
metric of interest in this analysis is the heat load as
calculated wer the heating season.

Heat Load (GJ)

Figure 4 Radiant heat injection into main zone.

The 0% radiant caseas talen as the base for this
analysis, with a heating load of 49.44 Mi.can be
seen from Figure 4, that increasing the radiant portion
of the heat injection to 50% increased the heat load by
4.3%, and simulating 100% radiant heat injection,
resulted in a 9.6% increase in the heat load.

With radiant systems, all and windaev surfaces are
warmed, thus increasing the heat loss through the
ervelope. Thisaccounts for the increase in heat load
predicted in these case3hese results are significant
and therefore, the conclusion can bewdrathat an
explicit representation of heat injection igkanted in

this type of analysis.

Convective regime generated by H¥C equipment.

In his paper on ESPs'adaptive mrvective dgorithm,

Beausoleil-Morrison (2001) xamined the impact
HVAC systems hee o the cowective regmes in

rooms.

Six simulations were performed with th€A—adap-
tive crvective dgorithm. In each case the internal
surfaces of the \liing space were attuited with con-
vection calculation control data to simulate feént
heating systems andwdee placementsThe scenarios
examined were:

« radiators placed under winde
« radiators placed by internalails

« radiators placed byx&rnal valls kut not under
neath windas

* in-floor heating

* hydronic walls panels placed on internahlis

« forced-air heating system dediing air through rg-
isters located under windss'.
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Figure 5 I mpact of ACA on annual heating loads

The ACA resulted in greater annual heating load pre-
dictions in all scenarios, see Figure Bifferences
ranged from 2.4% to 3.3% of the hows®tal heating
load caused by heat losses through tlalsyw win-
dows, ceiling, basement, and due to infiltration.

As can be seen in Figure 5, th€A can discriminate
the impact that diérent H\AC systems hee ypon

1 The ACA lacks h, correlations for this configura-
tion. Assuch, it vas modelled with the closest match, a
circulating fan heater



heating loads.It is important to note that minor alter
ations to the corection calculation control data can
affect these resultsFactors such as which alls are
adjacent to the radiatcand which surdces recek the
direct stream of the supply air can influence the selec-
tion of h, correlations for each sarte.

The interested reader is referred to Beausoleil-Morri-
son (2001) for further information on this subject.

INTERNAL CONDITIONS

The impact of the modelling of the folling condi-
tions internal to theulilding were g&amined:

» Set-point temperature.
» Set-back temperature.
* Internal gins.

Again, these specifiattors were chosen as yhep-
resent a reasonable amount of information that the
software user wuld hare acess to. Other fctors
contritute to a hilding’s internal conditions, Ut they
were not considered for this project.

Set-point temperature

The internal set-point temperature—the hosideér
mostat set-point temperature—for the base caae w
simulated as ZC.
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Figure 6 Set-back & set-point control strategies

As is common to engy eficient houses in Canada,
nighttime thermostat set-backs were incorporated into
the control system of the base case, The set-back con-
trol stratgy can be seen irbase casdan Figure 6.
During the night, between the hours of 8pm and 8am,
the thermostat as set to 18 and during the
day—38am to 8pm— the thermostaasvset to 2C.

Reducing the set-point temperature during the day
from 21°C to 20°C set-point temperature in Figure
6, had a significant impact on the heating lobdzan

be seen fronfower set-pointin Figure 7, that this°C
difference, during the dayeduced the annual heating
load by 6.3%.Given this sensitiity, accurately repre-
senting the set-point temperature of the houseais w
ranted.

Set-back temperatue

In this case, instead of reducing the set-point tempera-
ture during the daythe set-back temperature, i.e., the
set-point temperature during the nightasvreduced.

As illustrated inset-back temperatue in Figure 6.
Between the hours of 8pm and 8am, the thermostat
was et to 18C and during the daythe internal tem-
perature vas maintained at the base casdue of
21°C.

This reduction of 3C during the night had a much
smaller lut significant impact on the annual heat load
than did the 4C reduction during the dayReducing

the set-back temperature to°CSlead to a 4.9%
decrease in heating loddwer set-backin Figure 7.

Information concerning the temperature controls on
the furnace has been stwto be of considerable sig-
nificance to the heating season gyezonsumption.
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Inter nal gains

Internal @ins are simply indoor heat generating
sources. ESP-r/HTBOOO accounts for theams from

a mmbination of occupants, lighting, and equipment
sources. Theuser has control ver the cowec-
tion/radiant ratio of theseains as well as the option to
define internal gins profiles ver a the say For the
base case, a constant 600 of internal @ins were
simulated each hou50% from comective urces
and 50% from radiant sources.



To examine the impact of this ceective/radiant ratio,

a dmulation was performed whereby all of the internal
casual gins resulted from caerctive urces. Itcan
be seen fronall convective gpinsin Figure 7 that this

lead to a ery modest 0.8% decrease in the annual heat

load.

Doubling the internal gins lead to a 9% decrease in
the annual heat load bgs en inhigher gainsin
Figure 7. Although this represents a significant
decrease in the heating load, it results fronery @ig-
nificant increase in internalagjms—50%. Itcan be
concluded that accurgén dbtaining the internalajns
information is varranted.

In the preious simulations, the internalaims were
maintained at a constanalue of 610W over the day
To examine the significance of the distition of the
gans over the day a fcond simulation as per
formed, haing the same engy addition intgrated
ove the day but with a laver base load and morning
and &ening peaks, see Figure 8.
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Figure 8 Constant and peak intenal gain profiles

The heating load increased by a modest 0.1% (see

peak gainsin Figure 7). For the specific case of an

annual heat load calculation, with basic control strate-

gies, creating hourly profiles for the internalmgp was
not shev to have a dgnificant impact on the annual
enegy prediction.

This investigation did not, hwever, consider the
impact of internal gins profiles on time of use or peak
demands. @ examine thesedctors vould require a
different modelling approach.

CONCLUSIONS

The appropriate dgee of modelling resolution
depends, of course, upon the objetid the simula-
tion, the Mhilding, and the climate.Predicting a
houses annual enegy consumption orxamining the
enegy impact of design alternaés demands a ery

different modelling approach than, faxample, esti-
mating the illumination distriltion within a daylight
office, or predicting the peak electrical demand in a
cooling dominated dilding.

The goal of this researchaw to determine whiclaé-
tors hae the greatest impact on simulated heat loads.
Those &ctors iwvestigated in this second reporting are:
the sensitiity of the HVAC system eneagy consump-
tion, and the sensifty of the heating load to the inter
nal conditions.

It is important to note that these conclusions alelv
for predicting annual residential heating loads in cold
climates. Extrapolatinghese results to otheuitding
types and climates and other types of analysaddv
be inappropriate.

The predicted furnace emgr consumption as found
to be sensitie 0 the simulated ditiency and the part
load cune. Thecorvective/radiant ratio of heat injec-
tion, and the set-point and set-back temperatures had
the greatest impact on the predicted heating load.

The n&t phase of research willvnlve an empirical
comparison of the simulated data to monitored data
from the CCHT
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