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good egreenent with the meaeurements. Although the comparison with the codes was not intended
as a validation study, it does have some aspects of such an investigation. Bowman and Lomas(1986) investigated the accuracy of a large number of buiLdinE .n".gy conputer prograrns, in-cluding in the investigation gome buildings with passive solar featùres. Much of the work
described above deals with eeasonal or annual energ'y use, rather than the hourly energ.y useprofiì.es investigated here.

this paper deecribes an investigation of the accuracy of three computer progrnns, DOE-2.lb' EMPS 2.1, and TARP84, in predicting the hourly energy use of residential siructures that
incorporate large quantities of thermal Dass, glazing, or both. The work buitds on an inves-tigation of these Progra¡ns described in a previous paper by Sorrell et al. (Ig85). AII three
Programt have been used by various organizations to predict energy consunption of passive
solar designs. DO8-2.lb ie a public domain code developed under contract to the U.s. nepart-
ment of Energy. DOB-Z was used in the present work with custom weighting factors and wilh theoptical properties of the glass input to the BDL. EMPS 2.1, the Mãthodotogy for preferred
Residential Systens, was designed specifically to evaluate solar and other al-ternative energytechnologies. TAFP84, the thermal Analysis Research Program from the National Bureau of
Standards (NBS)r calculates loads only and does not include a systern simulation.

The system simulations available in DOE-2. lb and EMPS 2. I were not used to any appreci-
able extent. the evaluation was concerned with the accuracy of the codes in predicting
thernal loads in residential buildings with typical passive solar features, such as hilh mass
cornponents and increased glazing. of particular interest was the accurate prediction ãf thethernal load when it is changed or reduced by insolation stored or released from high massstructures. SERIRES was not evaluated because at the tine of this work it required 64-bit
hardware, to whieh we did not have convenient ecceao. BTAST was not included because the
thermal Loads portion of the code is similar to TARP84, and the project did not deal with the
system si¡rulation in the code. the decision not to include SBRIRES and BIAST was nade as anatter of convenience to reduce the scope of the work and was not based on any prior evalua-tion of either code.

A high level of detail and quality was required in the neasured data used for validation.
A description of these requirenents is given in the section entitled "Measured Data Base. "
The data selected for this project were fron three National Research Council of Canada (NRcc)
buildings, three houses from the passive solar project at Pala, California, and four testcells from the SERf CLass A test at the National Bureau of Standards (NBS) site.

Using the three selected conputer prograns, each of these sites was modeled over a period
of time that included the weeks during nhich the detaiLed neasurenents were taken. Three tofour days were allowed for the building to reach equilibriun with the weather cycle, and the
neasured and conputed values of the hourly energy consunption and indoor tenrperature were then
compared. In the case of the PaIa houses, only sunnrer data were examined, while winter data
were used for the other two sites. 1\¿o weeks of data were examined for the NRCC houses, ten
weeks for the PaIa houses, and one tronth for the NBS test cells.

The neasured and conputed quantities are cornpared in the "Results" section. This courpar-
ison includes not only energy use but also selected indoor tenperature profiles. Results are
presented graphically for several of the casea and in a statistical sununary for all cases.

MEASURED DATA BASE

The neasured data base consisted of previously eonducted teste where enough data to nodel the
building accurately were measured or other"vrise known. For a project to be considered for the
data base, the following requirenents were set.

I. Weather nust be ¡leasured on site.
2. The building nust be unoccupied and have a known internal load.
3. Internal temperatures nust be neasured.
4. Either the actual perfornance of the HVAC systen must be measured or

the coil loads nuet be neaeured directly. It was desirable that both
be neasured.

A description of each of the projects that supplied neasured data ie
provided below.
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A detailed description of the buildings nentioned above, the physical properties thatÍtere neasured' and the data that were taken in each test is given in-the references for eachtest' Table I gives a brief description or the-ptvsicat chaiacteri.ti"" of each building toprovide a quick surmary of these buildings trrat werã nodeled.

ure were the sane for each code.

RESUtlS

given in Table 2 for all three buildings table sunnarizes the building simulation
accuracy of each sinulation. The Canadian
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resuì.ts or show differences in the ability of each code to accurately model the building
energ'y use profile. A díscuseion of the results for each test location follows.

NRCC Test Buildinfs. The Canadian buildings are snall unoccupled buildinge with separate
north and south roons. The south rooms each have a glazing area larger than is typically
found in reeidential structures. The data used in the vaLidation work were taken when the
door between the north and the sorith roons was cfosed. Data taken with the door open and a
fan helping to circulate air between the roons are also available, but urodeling the resulting
conbined forced a¡ld natural convection did not appear as straightforward as the situation with
the door closed. Data were available for three types of wall construction: conventional wood
frane, nediun nass, and high nass. All floors are constructed of wooden joists and particle-
board over a separately heated basement.

Sinulations were conducted for al.l three types of construction, using each of the three
conputer codes. The agreenent between the measured and conputed results is indicated in
Table 2. Because the work focuses on high ¡nass construction, graphical results are given only
for the high mass unit. Figure I plots the neasured and computed energy consumption for the
north room. This roon required heating at all tines, and therefore the tenperature remained
at the thermostat setpoint, within the accuracy of the control systen. The results shown in
Figure I are typical for the north roon for all three building constructions and are taken to
indicate satisfactory results fron the computer models. Figure 2 gives the measured and com-
puted energy for the south roon with hiEh mass wall.s. Although the outdoor dry bulb tenpera-
ture is quite low, this roon receives sufficient solar gain that the room ternperature ca¡ rise
above the ther¡nostat set point and auxiliary heating is not always required. Generally, the
neasured energy consunption and the conputed energy consumption are in good agreenent, but the
computer programo tend to predict slightly longer periods when no heating is required than
were measured. The tenperatures in the south room are shown in Figure 3. The times when the
roon temperature "floats" (the tenperature rises above the set point without additional heat-
inú) are in good agreenent; however, the calculated floating tenperatures are always lower
than the measured floating tenperatures. These two factors--longer calculated float time and
lower calculated floating tenperatures--indicate that the computer models may tend to predict
that ¡nore solar energy is absorbed by the building nass during the daytine than is actually
the case. However, the conputer models also predict that slightly rnore energy is required to
heat the building at night than wae measured, which ie obviously not consistent.

The standard or RtlS error for the calculated values is conputed by taking the difference
between the measured and calculated values each hour of the si¡nuLation period. The standard
error generally indicates a larEer error than would be expected fron looking at the graphical
results or than is given by the percent error. The percent error ¡nay indicate a snaller error
because predictions of higher-than-measured energy during some periods may be canceled by
predictions of lower-than-measured energy during other periods. On the other hand, the
standard error tends to indicate a larger error. Thls is particulary true when there is
cycling of the HVAC systen, as ia evident in Figtrre 4. Thus the percent error'is usualLy an
optirnistic estimate and the standard error is a conservative estinate of how welI the computer
sinulation predicts the building energy use.

NBS Test Cells. The NBS test cells are long narror,{ cells housed in a single building
located in Gaithersburg, Maryland. Three types of construction are represented: a conven-
tional cell, a direct gain cell with high nass walls, and a Tronbe wall cell. The accuracy in
nodeì.ing the conventional cell is given in Table 2. Results fron nodeling the Tronbe wall
were mixed, and all codes had some difficulty in nodeling the direct gain cell. Because of
this, and also because the focus of this work is on passive eolar features, the following
discussion is centered on the Tronbe wall and the direct gain cells.

A sumary of the error between neasured and conputed energy consunption in the cell with
the Tronbe waII is given in Table 2. Both EMPS and DOE have a Trombe wall subroutine, and it
ie relatively easy to nodel Tronrbe wall construction with these two codes. TARP, however,
does not have a Trombe wall subroutine, and the Trombe wall must be "built." That is, the
correct glass, air space, high nass wall, and living apace nust be put separately into the
input deck to model or "build" the Trombe wall. DOB gave excellent results in modeling the
lronbe wall. Both EMPS and TARP úave reasonable results, and other than the additional time
required to nodel the wall, there was no particular disadvantage in using TARP for a building
with a Tronbe wall. On the other hand, for the Pala house discussed below, different resuìts
were obtained.



measurements.

The reason that DoE is less accurate than the other two codes is beÌieved to be due tothe different ways the three codes model incoming solar radiation. Both EMps and TARp have anoptional ray-tracing technique (which was used in afl sinulations) to compute the amount ofsolar radiation coning through the window and stored by the struciure. DoE-z. lb allocates theamount of solar energy trans¡nitted through the window to various buirding conponents by afractional or percentage method. As would be expected, this nethod is not as accurate as theray tracinEi technique, and DoE apparentLy predi.l" ro." energy 6torage in the floor thanactually occurs.
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TAFP are in good agreenent with the r¡easured values. A sunmary of the RtlS errors in floating
temperatures for this case are given in Table 2.

Sinulation of the high nass building gave a Dore accurate prediction of the floating
tenperatures as indicated by the lower RfvlS error in lable 2. However, the floating tempera-
ture range is also snaller because of the increased nasci, so the percent error renains approx-
imately the sa¡ne. This building did not have the large south-faclng window of the NBS direct
gain cell, but it did have high nass wall.s. The lower eolar gain, together with the fact
that the code did not have to differentiate between a floor that was high nass and walls that
were not, is probably the reason that predicted tenperatures were in nuch better agreenent
with the measured values. The floating temperatures predicted by DOE for this building were
in good agreernent with the neasured data and with the other two codes. All three codes were
therefore deemed to have given acceptable results.

CONCIUSIONS

AII three codes (EMPS 2.1, DOE-2.Ib, and TARP84) accurately ¡¡odel passive solar features
as long as there are no high mass structures in whlch only a part of the high nass
component receives solar radiation.

In structures with high roass components, particularly high mass floors, where only a part
of the high mass area receives solar radiation, EMPS 2.1 and TARP84 gave good results. The
results fron DOE-2.Ib are generally not as accurate. The increased accuracy of EMPS 2.1
and TARP84 is believed to be due to the ray tracing algorithn in each.

Residential buildings with a Tronbe wall r.rere modeled reasonably accurately by both EMPS

2.1 and TARP84. However, in one case, DOE-2.Ib gave accurate results, while in another
case it did not.
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TÂ3TE I
Building properties

BUILDINGS
Total
Floor
Area,
ft2

Glass Area in ft 2

Floor
Cons truct ion

in lb/ftz
Wal I

Construct ion
in lb,zft 2

TotaI South-
Facing

NRCC

Convent ional
Mediu¡r Mass
High Mass

321.6 38.77 27.98

(2x12 Frane)

9.91

(Frane)

6. t4
12. 39

r44.56
NBS

Convent ional
Trombe tlall
Direct Gain

355
352
352

0
7
7

26. 80
Lt7.t2
88.75

t8.05
108.37
80. 00

(5 1/2" SIab
on Gravel)
6t.21
61.21
62.73

6.58
#Trombe Wall

Glass
PATA

Convent ional
Trombe Wall
High Mass

276.0 35. 56
89.93
35.56

9.50
63. 87

9, 50

(4" Slab
on Grade)

36.70
12.24

+Tronbe Wall
4" slab

* Frane wall backed by a 4 in concrete brick wall# 7.625 in CMU walt tlO lblft.
+ One-foot-thick CMU wall Il0 lblfta
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