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Development of a simplified thermal performance prediction
method based on freerunning temperatures and building
envelope characteristics
Xinying Fan®, Bin Chen, Xiang Li*, Changfeng Fu?, Lingyun Li*
Dalian University of Technology, Chiha
The University of West London, UK
Abstract: Various thermal prediction methods and tools famaeptual building design have been rapidly
developed in the past decades. However, most cktheethods have some drawbacks to obsess their
applications, such as heavily relying on very dethinformation of building envelope componentsgd an
their thermal conductivity data with complicatednmgmutation models or formulas; and difficulties for
architects to understand and judge the outcomesaif predictions in a conceptual design. Theretais,
research targets on developing a simplified mettwogredict the integrated thermal performance of a
building with simplified envelope parameters ancudho free-running temperatures in the conceptual
design stage. It categorizes the scattered desigameters into three combined thermal characteristi
indexes and applies a serials of correspondingi-gteady calculation methods for building thermal
processes to predict hourly free-running tempeeaturhe interrelationships between these three io@ub
indexes and two overall thermal performance indicatare verified via a sensitivity analysis, and ar
presented in two charts, which can easily be adiapta conceptual building design. This method treen
validated in an experimental case study. It carp haichitects to quickly find the thermal design
performance of a designed building in the concdptesign stage.
Key Words. envelope thermal design, free-running temperataoeceptual design, overall thermal

performance prediction



Nomenclature
Gio total solar heat-gain index, W
Kio total heat-loss index, W/K
So total effective heat-capacity index, kJ/K
Auvin area of the direct-gain windows?m
HGC,,i, solar gain coefficient of the direct-gain windows which based on Chinese desidgrdtan
G direct gain from the glass panels of windows, W/m

o/ building’s total heat-gain at timjekJ

Ks heat transfer coefficient of an external envelope component,)(m
As area of a wall component,zm

n infiltration rate of indoor space;lh

Pa density of indoor air, kg/fh

Ca heat specific of indoor air, kJ/(kg- K)

Va volume of indoor space,3m

T/ outdoor air temperature at timeK

T/ indoor air temperature at timeK

0Os density of an indoor-side layer of an opaque envelope component, kg/m

Cs specific heat, kJ/(kg- K)

Os depth of effective heat capacity layer, m

T time period, s

As thermal conductivity coefficient of indoor-side layer of envelope component, Wy(m-

building total heat-storage or heat-loss at tjpiel

T average temperature of the inside layer, K
ATy indoor-outdoor average temperature difference of the free-running building, K
0o ratio of indoor and outdoor daily temperature amplitude

heat variation of indoor air from timel to timej, kJ

o/ total heat-loss, kJ

Q_j total heat-storage or heat-loss, kJ

he coefficient of convective heat transfer, W¥(if)

n infiltration rate

g total ratio of solar radiation of the transparent area of a door and a window
Ay area of the transparent part of a door and a windéw, m

s solar radiation absorption coefficient of non-transparent parts in doors and windows
Knon-tr heat transfer coefficient of the non-transparent parts of doors and Window§,-IW/(m

he convective heat transfer coefficient of outer surfaces, WK)n
A area of the non-transparent part of doors and windofvs, m
@ correction coefficient considered linear heat loss through thermal bridges
Ky heat transfer coefficient of the ground floor, WXi§)
Aq area of the ground floor,’m
HVAC  Heating, Ventilation and Air Conditioning
Subscripts
i time interval sequence number







1. Introduction

Free-running temperature is the indoor temperatir@a building running without a HVAC (Heating,

Ventilation and Air Conditioning) system [1-5]. Eming satisfactory free-running temperatures tdeeha

desired indoor thermal performance via well-desibigilding envelopes in a concept design is anngisée

procedure and a common approach for sustainabldifmidesign [6,7]. The thermal performance of

building envelopes has also a significant impactha energy consumption of a building [8]. However,

most thermal performance prediction methods withnynaomplex formulas of calculating thermal

performance of individual envelope components whale building are too complicated for architectsi

conceptual design [9-11]. The most existing calimtamethods of envelope thermal parameters and the

existing evaluation methods of dynamic building rthal performance primarily reply on complex

simulation tools such as EnergyPlus, eQUEST, Def&T, @ith very detailed thermal conductivity

information of building envelop components [12-1Z4hey are too complex for a conceptual design

[15-18].

Therefore, an easy-to-use method for thermal pedoce prediction in the conceptual design stage is

demanded [9,17], which should be able to explaiildimg physical phenomena properly, and to present

optimal solutions [13]. Several simplified builditigermal models have been developed so far [3,12019

It is common to adopt combined thermal indexesrésgnt some specific building thermal charactessti

such as a total heat loss coefficient and a tdfiattéve heat capacity. These combined thermalxedean

represent the thermal characteristics of a buildimgl also can be easily understood by both aothitnd

engineers [3]. However, very few of these methods analyze the whole building dynamic thermal

processes with these combined indexes and simptespmnding calculation methods. For example, the

steady prediction model only uses a total heat-@aimnd a total heat loss coefficiel, to calculate a



building static thermal process; and the quasigstgaediction model mainly are based on a combined

thermal index or a simplified model which can cédt® dynamic heat storage, including total effectieat

capacity, thermal time constant [3,20]. This stadlys to develop an easy-to-use prediction methgdda

on three combined thermal indexes (a total heat-Gaj which present the heat-gain performance of an

overall building envelope; a total heat-loss caéfit Ky, which present the heat-isolation performance of

an overall building envelope; a total effective theapacity S,, which present the heat capacity

performance of an overall building envelope). Femthore, this method can accurately predict the lfiour

free-running temperatures of a designed building.

Usually, the methods of a static building thermalgess based dB,, andK, are simple and easy-to-use in

the conceptual design stage [3]. Neverthelesspuwdfin the quasi-steady algorithm of the dynamicntizr

behavior of thermal mass based Sis suitable for conceptual design, the preciséliptien of S, must

rely on the detailed simulation tools or elaboratgorithms [20-22], which is too complicated in the

conceptual design stage [9]. Therefore, a simptepaacise solution fog,, needs to be developed in this

study.

The simplified prediction method can also establighprecise interrelationships between the freging

temperature indicators and the three combined thlemdexes. This can help designers to understaad t

thermal characteristics of building envelopes, #mlr impacts on free-running temperatures. Previou

sensitivity analysis studies had already been edrout by using some detailed simulation tools to

investigate interrelationships between thermal glegiarameters of an envelope and an overall bgildin

energy performance index. This has been proven afective way to guide thermal design and to supp

thermal design decision-making procedures [23,24hwever, some non-linear interactions and

distinctions of physical-dimensions among numeragattered design parameters will limit a



multiple-factor sensitivity analysis [25]. This diuattempted to apply a set of combined thermadxed

with a unified dimension in the sensitivity anab/sd investigate the multiple-factor effect. In #idah, the

interrelationships between three combined thermdéxes and free-running temperatures can not only

demonstrate the formulas of a building thermal giesbut also provide with a simple prediction oe th

thermal parameters of an envelope according tdés@ed free-running temperatures.

2. Research methods

This study uses three combined indexes (a totaldea Gy, a total heat-loss coefficiekt,, and a total

effective heat capacity,) and the relevant and simplified formulas to ceemtjuasi-steady thermal process,

which could predict hourly free-running temperatur8ased on a building heat balance analysis, the

quasi-steady approach is often used in some siggluilding thermal methods to predict the dynamic

cooling or heating load [20-22]. The quasi-steadsthnd considers the heat conductivity between the

interior layer and the exterior layer of a buildiegvelope component as a steady process, and #ie he

storage of interior thermal mass as a quasi-stpaabess. The heat storage usually can be calculatiec

combined index, such &, [22]. The accuracy of the quasi-steady model setie the accuracy of the

combined index, which can be worked out with a itefasimulation tool or with elaborate algorithms

manually [20,21,26].

In order to precisely and easily obtaflg in a conceptual design, the study applies conabput the

surface effective heat capacity layer [20], andfthimula based on a periodic penetration depttatoutate

the depth of the surface effective heat capaciygriaof an envelope [26]. This surface effectivethea

capacity layer principle demonstrates that onlyeay\thin interior layer of a wall has effect on dwat

thermal stability. The periodic penetration depthere the amplitude of a periodic heat wave deesets



1/e, is a semi-empirical definition, which descsltbe rapid attenuation phenomenon of a periodit he
wave through a wall [20,26,27]. Because of thig, ¢hlculation for an effective heat capaycan be
done easily in a conceptual design.
The following three combined indexes were usethénquasi-steady model:

* atotal solar heat-gain ind€, (W),

¢ atotal heat-loss inddg;, (W/K) [3],

* atotal effective heat-capacity ind8y (kJ/K) [20-22].
The associated calculation methods of the threéizwed thermal indexes are defined below.
A total solar heat-gain indet,, (W) can be calculated using the formula (1), sisotar radiation is
considered as a main heating source in the coralegisign stage. The formula (2) was used to catieul
the SHGC,,;, of the formula (1). Thus, the value @&, (W) can be used to evaluate the heat-gain

performance of an envelope component.

Gb = ANIHS_|GCWIHG (l)

ZQXAﬁZ/?sxk”;:”XAf

$HGC,, =
A

()

where Ayin (mz) is the area of direct-gain windowSHGC,, is the solar gain coefficient of direct-gain
windows which are based on the Chinese design @G (W/nv) is the direct gain from the glass
panels of windowsg is the total ratio of solar radiation of the trpasent area of a door and a windawy;

(m?) is the area of the transparent part of a door andindow; 7 is the solar radiation absorption
coefficient of non-transparent parts in doors afmtews; kuony [W/(Mm?K)] is the heat transfer coefficient
of the non-transparent parts of doors and winddwpV/(m?sK)] is convective heat transfer coefficient of

outer surfacesd (m?) is the area of the non-transparent part of dandswindows.



The total heat-loss indey, (W/K) can be calculated using the formula (3). Totl heat-loss via the
insulation and infiltration characteristics of amnvelope were considered in the formula (3). Thus Malue

of Ky, (W/K) could be used to evaluate the heat-isolagtieriormance of an envelope.

np,CV,

Kio = X (B I A + 105

®3)

where ks (W/(m*K)) is the heat transfer coefficient of an extéreavelope componentp is the
correction coefficient considered linear heat lte®ugh thermal bridged\s (m?) is the area of a wall
componentkq (W/(m*K)) is the heat transfer coefficient of the grouitmbr; Aq (M) is the area of the
ground floor;n (h™) is the infiltration rate of indoor spacp;(kg/n?) is the density of indoor air; .C
(kd/(kg-K)) is the specific heat of indoor air; andm?) is the volume of indoor space.

The total effective heat capacity ind&y (kJ/K) can be calculated with formula (4) [28, (kJ/K) is the
total effective heat capacity of those opaque compts of an envelope. The formula (5) was used to

calculate thés (m) of the formula (4).

Se =ZpsCsAés=ZAa/f—Tp§4 5 @)
_ T A
% A\ 7pC, ©

wherep, (kg/m’) is the density of an indoor-side layer of an amagnvelope componer@; (kJ/(kg-K)) is
specific heat; ands (m) is the depth of effective heat capacity laydrich can be semi-experimentally
calculated by the periodic penetration depth foem@6]; t (s) is a time period, which is set as 3600s
interval since a prediction time interval of oneuhavas used in this study, ang(W/(m-K)) is thermal

conductivity coefficient of indoor-side layer of\aiope component.

This quasi-steady method has also been validatddtwo different methods. The first one is to make
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comparison of the predicted results from the qategdy model and the simulation outcomes of the
EnergyPlus - a detailed thermal process predictioftware. The second validation is based on the
measured data on site. The first validation adbptsBESTEST (building energy simulation test) binitgk,
which are usually used as the standard test bgidior building energy analysis with computer peogs

or algorithms, one test building with light-weighhvelope materials and another with heavy weight
materials [28]. The hourly free-running temperasuoé the two BESTEST buildings were simulated by
EnergyPlus with the annual weather data of Der@elprado. Meanwhile, another validation is based on
the measured historical data of two free-runningeeixmental buildings over a month in Dalian, Liauni
Furthermore, in order to investigate the interietatbetween thermal characteristics of an envelope
(heat-gain performance, heat-isolation performamacel heat storage performance) and overall building
thermal performance based on free-running tempestthe study analyzes the interrelation betwhen t
three combined indexe&g, Ky, andS,) and two overall thermal performance indicatohe (temperature
difference between interior and exterior;,, and a ratio of the daily range between the iotexnd exterior
aio) by the sensitivity analysis method. The physioabhnings of the five sensitivity analyses are shimwn
Figure 1. Compared to the previous sensitivity gsial studies with numerous analysis parameters, thi
study only used three combined thermal indexeshensame physical-dimensions to avoid non-linear
interactions in a multiple-factor analysis [24,28hd greatly reduced the workload and complexity. |
addition, the interrelations between the five sirigi analysis indexes and macroscopic physicahmiey

can also reveal an overview thermal performan@nanvelope component and a whole building.

Thermal characteristic of an envelope Overall building thermal performance

Heat-gain characteristic G The regulating performance of average free-

Heat-isolation characteristic Kr rpRIRgtEmperailFe

’-_ ] The regulating performance of free-running
Heat-storage characteristic S ; temperature amplitude

_____________________________________________________________________________________________________________________________________________________________________________




Figure 1 The sensitivity analysis indexes
3. A simple quasi-steady method to predict free-running temperature
3.1. Modeling approach for the free-running temperature Prediction

Based on three combined thermal indexes and tloeiagsd quasi-steady calculation methods, the ftamu
of free-running temperature can be developed bagetthe heat balance of indoor air. The heat-balance
equation can be expressed as:

Q +Q' +Ql+Q}=0 (6)
where Qa{ (kJ) is the heat variation of indoor air from tijpé to timej; Qlj (kJ) is the total heat-loss;
QSi (kJ) is the total heat-storage or heat-loss, @gd (kJ) is the total heat-gain. In the formula (@'j
(kJ), QSi (kJ), and Q(j (kJ) can be separately calculated using the fanfry), (8), and (9). In addition,
Qe{ (kJ) can be calculated with the formula (10) adoay to its definition.

A building total heat storage or heat-lo@j (kJ) at timgj can be figured out with the formula (7) based
onakKy (W/K),
Q' =3.6K, (T, -T.) ™

where TOj (K) is the outdoor air temperature at tijrend Taj (K) is the indoor air temperature at tifne
A building total heat-storage or heat-lo@ (kJ) at timg can be calculated with the formula (8) based on
So (kJ/K). This means that the heat transferring @ssdetween the inside layer of a wall and thedndo
has reached a balance point, i.e. the average tatape of the inside layefs (K) is equal to the indoor air
temperaturd, (K).

Q) =s,(T.)-1.)7) ®)
where TSj * (K) is the average temperature of the indoor-igter of the component at tinpel.

A building’s total heat-gainQ(j (kJ) at timg can be calculated with the formula (9) based Gy, &W),

10



Q; =3.6G, ©)
where 3.6 is the coefficient that converts the disien from W to kJ (1 kJ = 3600 sx1 W/1000js the
time interval sequence number, and the predictina interval is set as one hour in this study.

A heat variation of indoor ailQe{ (kJ) can be calculated with the formula (10) basedts definition.
Q=p LV (TI-Ti) (10)
Input the outcomes from formula (7), (8), (9), ai@®) into formula (6), the prediction of an indcair

temperature at timecan be worked out with the formula (11) below:

T = 3'G<toToj _paCaV;r;_l+Sths_l+3'%jto

: 3'6Kto _paCaVa+Sto

(11)

The formula (11) includes two unknown variabIéEdf and Tsj'l. In order to work out the indoor air
temperature and the internal surface average tetyserof an envelope, another heat-balance for(a@p
was developed, which considers the heat condugtiogess between an effective heat capacity laygr an
an indoor air temperature, and is expressed as:

S, (T -T)")=3.6A,n(T. T}) (12)
where h (W/(m?-K)) is the coefficient of convective heat transfehich is approximately set to 3.08 for

free-running building [29-31]. The formula (12) ca@ transformed to the formula (13) which describes

internal surface average temperature of an envelope

i - ST/ +3.6ANT]
° SO+3'6& hC

(13)

Finally, the free-running temperature and the maérsurface average temperature can be iteratively

calculated with the formulas (11) and (13).
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3.2. Application scope of the quasi-steady model

The procedure for predicting free-running temperduwith the formula (11) and (13) only requires
outdoor weather data, major building dimensiong, #we thermal design data sets of envelopes, wdreh
shown in Figure 2. The three combined thermal iedesould be rapidly determined according to hourly
weather data (hourly solar radiati@y, building dimensions (window aré§,, other opaque component
areaA,, and indoor space volumg), and the building thermal design codes (heatstearcoefficientks,
infiltration raten, thermophysical parameters of building mater@)<Cs, and/s). Substituting of the initial
temperature, boundary condition, and three combimaexes into the iterative formulas (11) and (&3
predict hourly free-running temperatures and irdesurface average temperatures. The iterativeuiasn

can be run in Excel easily and the results carrésepted in a chart.

L . Hourly weather data

‘7 Design data | o — e

SHGC Ay, |k ANV, |4 p, C A

I = '—z—' / |

Parameter | 7" 70 T/ G K, S,
setting

Architectural early design plan

L Initial || Boundary || Heat-gain | Heat-isolation | Heat-storage |
| Temp. || conditions | | characteristic | = characteristic || characteristic |

| T T e e e e
I I S . : —1 |

lterative T I lteration equations i L0
I_computations == el

Figure 2 The prediction procedure of free-running tempesatising the quasi-steady model

The prediction procedure indicates that this qgteady model does not require the detailed cordigurs
of an envelope. In addition, a serials of paransetéth clear physical meaning are easily obtaied, the
iterative computation with an Excel chart can beoted quickly and easily. Thus, this quasi-steadyeh
can be easily handled in the conceptual desigresthg building project, which requires a simplifie

model to dynamically evaluate the overall thermatf@rmance of a conceptual design with limited
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information.

3.3. Validation of the modd

In order to validate this quasi-steady method, raukition was carried out with EnergyPlus, and an

experimental case study with the measured dataalgasconducted. In the simulation, two BESTEST

buildings (one with light-weight envelops, and drest with heavy-weight) were adopted as the test

buildings. The hourly free-running temperatures tbé two BESTEST buildings are predicted in

EnergyPlus with the annual weather data of Den@edporado. Meanwhile, the one-month measured

temperatures from two free-running experimentaldings in Dalian, China were used in the experirakent

validation. The following sections give the detaif¢he two validations.

3.3.1. Comparison validation

The Figure 3 shows the dimensions of the BESTESi@libhgs.

Figure 3 Dimensions of the BESTEST building.

The detailed envelope configuration and the thempalductivity parameters of the envelopes of the tw

BESTEST buildings are given in Table 1, and thétiafion rate of both buildings was set as 05 h

Table 1 The envelope configuration and envelope thermimaters of the two BESTEST buildings (XPS
- Extruded polystyrene, MW - mineral wool, UF - afermaldehyde).

o Configuration Ks S
Buildings Envelope 5
(mm) W/(m-K)  kJ/K
Light Wall Gypsum board (13) +XPS (128) + metallic cladp{6) 0.50 744
weight Roof Gypsum board (13) + air gap (200) + MW glassi@51) + asphalt (10) 0.39 561
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Floor Wooden floor (30) + screed (70) + concretg0)1+ UF Foam (239) 0.46 533

Windows Double glazing timber frame windoHGC=0.56) 2.71 0
Wall Concrete block (100) + XPS (118) + solid br{@k0) 0.50 1806
Heavy Roof Gypsum board (13) + air gap (200) + MW glassi@51) + asphalt (10) 0.39 561
weight Floor Wooden floor (30) + screed (70) + concretg0)1+ UF Foam (239) 0.46 533
Windows Double glazing timber frame windo@HGC=0.56) 2.71 0

The EnergyPlus simulation results based on thaliogildimensions (Figure 3) and the building envelop
configuration (Table 1) are presented in the Figitaeand 4b. In this simulation, the time intervathvn
every hour was set as 10 minutes; the solar digioib was chosen as the full exterior; the solution
algorithm was chosen as the CTF; the inside andlooutconvection algorithm were respectively chasen
the TARP algorithm and the DOE-2 algorithm. On ditteer hand, the combined thermal indeXggW/K)

and S, (kJ/K) are obtained from the building dimensiofg(re 3) and the building envelop materials

(Table 1). TheG! (W) data are from EnergyPlus calculation file sirlbe hourly solar radiation on the

vertical windows panel is absent in the weathes. fiThen, the initial temperatures are based on the
EnergyPlus results, the hourly outdoor temperatui@enver, theG) (W), Ky, (W/K), andS, (kJ/K) were
substituted into the formula (11) and (13). Thisvaed the hourly free-running temperature over ar e

be calculated by this quasi-steady model, as shiovigure 4. It shows that the variation tendentyhe
hourly free-running temperatures predicted by thergyPlus and this quasi-steady model is very amil
to each other. In addition, the SD (Standard Denaterror bars show that the dispersion degrethef
results predicted by this quasi-steady method ametdyPlus is also very close, although the distitiou
ranges of the hourly free-running temperaturesipred by this quasi-steady model is slightly lowiean

EnergyPlus.

14
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b. BESTEST building with heavy-weight envelops
Figure 4 The hourly predicted free-running temperaturetier BESTEST buildings over a year

Further comparison of the results was carried owrtalyze the accuracy of this quasi-steady mddel.
addition to the hourly free-running temperatures #bsolute prediction errors of the daily averabe,
daily maximum temperatures, and the daily minim@mperatures of the two test buildings were also
analyzed (Figure 5). This is because they are @rdeisign indicators for a free-running buildin@].3The
Figure 5 shows that the SD error bars and the itpsrf the absolute prediction error between this
guasi-steady method and EnergyPlus. The error sindhdicates that the mean absolute predicticorerr
of the four indicators of the two BESTEST buildingse ranged from 2.8C - 3.8 °C. Additionally,
although the maximum error can reach %£3- 6.5°C at the extreme conditions, the main distributiohs

the errors are still converged in the mean value.
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5 99
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Figure 5 The absolute prediction errors of free-runninggeratures between the quasi-steady model and
EnergyPlus

3.3.2. Empiricism validation

The two experimental buildings were located in Braland were both south-facing. The photos and the
dimensions of the two buildings are shown in Fig@reThe Building A has a heavy-weight envelope,

whereas the Building B has a light-weight envelope.

b. Building B
Figure 6 Photos and dimensions of the two experimentatingk.

The detailed configurations and thermal parametdérshe envelopes are listed in Table 2, and the
infiltration rate (measured using the £@ecay method) of the heavy-weight Building A i6 i’, and that

of the light-weight Building B is 0.6'h

Table 2 The envelope configuration and envelope thermdbpeance of the two experimental buildings.
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Configuration ks S

Building Envelope
mm W/(m*K)  kJ/K
South wall Concrete (200) + XPS (150) + cement mdft5) 0.25 369
Other walls Air brick (200) + XPS (150) + cementnao (15) 0.23 359
Roof Concrete (200) + air gap (200) + XPS (150) 0.08 592
A Floor Wooden floor (20) + screed (10) + concre®) (6 XPS (40) 0.57 76
Window Double glazing plastic steel windo8HGC=0.55) 2.64 0
Door Wooden door 2.64 0
Wall Polystyrene (100) + air gap (80) + polystyréh@0) 0.20 61
Roof Polystyrene (100) + air gap (80) + polystyr€h@0) 0.20 15
B Floor Plank (20) + air gap (80) + polystyrene (100) +gap (500) + 0.32 102
ground
Door & Windows Triple glazing plastic steel wind¢g@HGC=0.51) 2.27 0

This study adopts the measured data (672 houthpduilding A in February 2014, and the measuied d
(672 hours) of Building B in February 2015. Durittte measurements, the indoor temperatures were
recorded hourly by a hygrothermograph (accura€y-0.3°C) located at the middle of the buildings, and
the outdoor weather data were recorded by two hvealther stations (accuracies €f=0.4°C for the air
temperature and<5% for the solar radiation). The measured datashosvn in Figure 7. It can be seen
from Figure 7 that free-running temperatures haggeater correlation with solar radiation and ootdo
temperature. In this paper, Pearson’s R (Pearsoelation coefficient) is used to obtain the asaticn
between free-running temperature, solar radiattmhautdoor temperature: 0.518 and 0.515 in Building

0.811 and 0.525 in Building B.
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b. Building B
Figure 7 Relation between solar radiation and temperatutke test buildings.
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According to the dimensions in Figure 6 and theetope thermal parameters in Table 2, the combined

thermal indexex;, (W/K) and S, (kJ/K) can be obtainedg! (W) can be obtained from the hourly
measured solar radiation on the window plane aadmindow dimensions. Then, the initial temperatures
based on the measurement, the hourly measuredaoutoperature,g! (W), Ky (W/K), and S, (kJ/K)

are substituted into the Equations (11) and (13)yéalict the hourly free-running temperatures. fdwilts
shown in Figure 8 demonstrate that the variationdéacy of the hourly predicted free-running
temperatures is almost consistent with the measwakes. In addition, the SD (Standard Deviatiamdre

bars also show that the dispersion degree of theigied results is in good agreement with the nredsu

results.
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Figure 8 Hourly measured and predicted free-running tempezaf the two experimental buildings.

To analyze the accuracy of this quasi-steady madkelprediction results were further compared i

Figure 9. The SD error bar (the ratio of SD is afigal to 1.2 to avoid overlapping the quartilesfahe

quartiles of the absolute prediction error lie besw this quasi-steady model and measured data. It

indicates that the mean absolute prediction efrfrtieofour free-running temperatures of Buildingahged

between 1.4C and 1.8°C, while they range from 0.2C to 4.3°C for Building B. The predicted daily

maximum temperatures for Building B contain greaeors. This due to the lower heat capacity of the

light-weight envelope with higher heat-gain intéiesi. Although the maximum error reached 8- 6.6

°C at some extreme points, the main error distriimsticonverge around the mean value.
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Figure 9 The absolute prediction errors of the free-runnergperatures between the quasi-steady model
and the measured data

As a result, although the large prediction errarsuo at some times in the test, this quasi-steaatyefncan
still meet the accuracy requirements for a cona@ptasign. The accuracy is not required as prexssia
the detailed design [9,13]. This method mainly fEsion the prediction of the variation tendendyafrly

free-running temperatures.

4. Simplified thermal design guideline and decision-making charts

This quasi-steady method actually builds a corieidbetween the three combined thermal indexedtznd
free-running temperature. If a sensitivity analysislld establish an interrelationship between timahkined
thermal indexes and the overall thermal performandiator based on free-running temperatures, the
guantitative thermal performance of a whole buiddanvelope including external walls, windows, grdun
floor and roof, can be figured out. According tesh functional relationships, a thermal design gjirié

can also be developed as a design decision-madahg t

4.1. Sensitivity analysis methods

Firstly, the variables 06, (W), K, (W/K) and S, (kJ/K) were obtained from a conceptual design. The

value ofGy, (W) is ranged by the GR (Glazing Ratio). The vaifi«,, (W/K) is ranged by the different
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levels of building energy-efficiency design cod88,B4]. And the value 0%, (kJ/K) is ranged by the
thermal attributes of different construction makrigiven in the building thermal design codes [35]
Secondly, this quasi-steady method will be usechtoulate the values &T, (K) anda;,. The computation

is based on the hourly weather data of a typical Haises the hourly outdoor temperatures anchthely
solar radiations at average levels during heatouliftg seasons to calculatd, (K), and also adopts the
hourly outdoor temperatures of a maximum dailyestéghce and the hourly solar radiation at the masimu
level during heating/cooling seasons to calculate Finally, the interrelationships between the three
combined thermal indexd&,, K, So) and the two overall thermal performance indicat®T,,, aio)

could be obtained by a function fitting procedurkee sensitivity analysis procedure is shown in FegLo.

Hourly weather data Architectural early Building energy-efficiency design codes
(typical day) design plan Building thermal design codes

| l
J A— . ;
1 o Gf 4 |: k ” ) (k:nm J nmm ):l
Design data | GR: Glazmg Ratio |:

GRmm N . - GRE= ) min Cmm ps CS ) a4, (psmax . Csmax ):|
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Temp. | | conditions

I /—‘; .
lterative " lteration | iterate to convergence 7 77 | AT

. . A o G
computations ‘M l
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Figure 10 The sensitivity analysis procedure

4.2. Results & discussions

The results that are shown in the Figure 11 dematestthe interrelationships between the three owdb

thermal indexes and the two overall thermal perforoe indicators. The computation uses the dimegsion

of the test Building A (Figure 6) and the hourlyatleer data of a typical day in Dalian, China. Thalgsis
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shows thatAT;, is not sensitive t&, as it shows in Figure 11.a, but has non-linearabesing withKy,

(Figure 11.b), and linear growth wi, (Figure 11.c). The results also indicate thatdhevas sensitive to

Gioy Kio andS,, as non-linear decreasing wif (Figure 11.d), and linear growth with, (Figure 11.f). In

addition, it also shows that, linearly decreases witk,, whenS,= 250 kJ/K, but is not sensitive i,

whenS>500 kJ/K (Figure 11.e).
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Figure 11 The relationships between the combined thermakbgcheristic indexesG,, Ko, andS,) and the
overall thermal performance indicatorsl{, andoj,). TheGy, (W) used in the sensitivity analysis is the

daily average value

The interrelationship betweekiT;, and S, reveals that the heat-storage effect of an avefr@gerunning

temperature can be ignored. The interrelationsbigtsveenAT,,, Ky, and G, demonstrate that better

heat-isolation and heat-gain performance give begeformance of an average free-running tempegatur

It also significantly increases when the heat-idota characteristic is sufficient. The interrelatship

betweemn;, andS, indicates that better heat-storage gives muclebletat stability in a conceptual design,
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but the effect will change when the heat-storagéopmance is over a certain level. The interreladitips
betweenoj,, So, andKy, reveal that worse heat-isolation performance tesnlbetter heat stability when
the heat-storage performance is small, but suettetfin be ignored since the heat-storage is &rgagh.
Additionally, the interrelationships betweep, So, andG, also reveal that worse heat-gain will increase the
heat stability, and a decay of the effect is idediwhen the heat-storage performance is incrgasin

The above analysis demonstrates that the quasiyste@thod makes it possible to analyze the
interrelationship between free-running temperataned the three combined thermal indexes. At present
the existing analytical methods only couple twotlmee of the above indicators [36-39], which cannot
achieve a more accurate prediction of buildingrtrerperformance. Therefore, this requires arclstéct
apply energy consumption simulation tools and bugddesign tools. In fact, this is very difficulorf
architects. In order to achieve cooperative dedimgre have been researchers to develop integrabési

for both building design and energy consumptionusation [40,41].

4.3. Decision-making charts based on the three combined thermal characteristic indexes

4.3.1. Decision-making charts

Once the major building dimensions, the meteoralmigilata of the building site, and free-runningigies
temperatures of a conceptual design are obtaihedjdsign decision-making charts of the three coetbi
thermal indexes can be generated according tothaelationships presented in the sensitivity ysisl
Based on the functional relationships &iT§, Ky, Gyo) in the Function Filling stage of the sensitivity
analysis procedure in Figure 18,(is ignored as it is static toT,), the decision-making chart (Figure 12.a)
of Ky (W/K) andG,, (W) is generated with the same procedures of thsiteaty analysis in Figure 10. The

design data ranges Kf, (W/K) andG,, (W) on the coordinate axis were derived from tlezigg ratio and
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the thermal parameters limited by the design codberefore, if the desiredT, (K) is known, the
corresponding variables ¢, (W/K) and G, (W) can be easily found in the chart. For examjfl¢he
designed average free-running temperature is s 43, the designed average outdoor temperature is -3.3
°C during the heating seasons in Dalian, and thieedksT;, is 21.3°C, then the coordinated values of the

intersections in Figure 12.a present that the désiolution sets df,, (W/K) andG, (W).
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a. The decision-making chart Gf, (W) & K, (W/K) b. The decision-making chart 8§ (kJ/K)
Figure 12 The design decision-making chartsGy (W), Ky (W/K), andS, (kJ/K)

After Ky, (W/K) and G, (W) are determined, the decision-making chartfégl2.b) ofS, (kJ/K) is
generated by usint(ai,, So) (Figure 11.d), with the same procedure of thesisieity analysis in Figure 10.
So (W/K) on the coordinate axis is ranged from thghtiweight materials to the heavy-weight materials
recommended in the Chinese thermal design code [B5¢refore, if a desired;, is known, the
correspondingS, (W/K) can be determined. For example, if the desiy free-running temperature
amplitude is set as%€; the maximum outdoor temperature amplitude i4 32.during the heating seasons

in Dalian, and the desireg, is 0.5, then the coordinate value of the intefsastin Figure 12.b is the

desired value o%, (W/K).
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4.3.2. Thechart validation

The measured data of the two experimental buildingsgure 5 were used to validate the decisioningak
charts. According to the building dimensions ane ¢#mvelope thermal parameters in Table 2, the three
combined thermal indexes of the two case-studydimgk and the BESTEST buildings were calculated,

and listed in Table 3.

Table 3 The three combined thermal characteristic indexes

Building Kio(W/K)  So(kJ/K)  Gy(W)

A 35.9 1350 143

B 33.6 157 237
BESTEST (light mass) 86.5 1839 411
BESTEST (heavy mass) 86.5 2900 411

The designed values for the two experimental bngjsican come from the decision-making charts (Eigur
12) directly. The average outdoor temperature @ tdst period was -1.8C, and the daily maximum
amplitude of outdoor temperature during this measent was 10.8C, as shown in Figure 7. The
designed and measurad;, (K) andoj, are both given in Table 4, which shows that thegieerror ofAT;,

(K) for Building Ais 0.5 °C (=4.0-3.5), while fdBuilding B it is 2.3 °C (=9.6-7.3). It also indiest that the
design error o#, for Building A is 0.1 (=0.5-0.4), while for Buildg B it is 0.3 (=3.8-3.5). In addition, the
design indicators of overall building thermal penfiance were calculated for the BESTEST buildingse T

results (Table 4) showed that lagin the two buildings are mainly caused%y

Table 4 The design and measured indicators of overaldmglthermal performance

. - . o BESTEST BESTEST
Experimental Building A Experimental Building B

Index (light weight)  (heavy weight)
Design Measured Design  Measured Design Design
AT, (°C) 4.0 3.5 9.6 7.3 11.7 11.7
Qo <0.4 <0.5 <3.8 <35 0.3 0.2
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By checking with these decision-making charts, i@ch can quickly acquire the design indicatorsanf
overall building thermal performance. However, fdifferent climate and building sizes, the
decision-making charts may need to be adjusted.nfétbod of obtaining the decision-making charts can
be developed into a software in the future. Wheaitects input basic building information and wesath
data in a concept design, the software could quiakbtain three characteristic parameters and
decision-making charts for architects to deternmifntheir designs are good enough or not in terms of
energy efficiency. The two decision-making charevedoped in this research are suitable for quickly
determining the thermal performance parameterskafilding envelope with basic design informatiordan
indoor human comfort targets. Additionally, thisthed is not only a handy method for architectsradjet

the thermal performance of their conceptual dedighalso presents a unique and reverse approadiefo
energy performance prediction by setting up a humamfort target first, and then determining the

building envelop materials in a conceptual design.

5. Conclusions

This study has developed a unique and simplifieasgsteady method based on free-running tempesature
which can be used as an easy and alterative mgaaschitects and designers in the conceptual design
stage of a building project to assess an integfatiédding energy efficiency performance. The congmar
between this quasi-steady method and the convet®&imulation demonstrates that this quasi-steady
method can easily predict if a design can achieeetargeted human-comfort based on the free-running
temperatures which are worked out with the buildémyelope structures. This method can easily predic

the free-running temperatures of a designed bugjldind generate two decision-making charts of therma
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design parameters. The major differences from #igtieg thermal prediction methods and tools can be

addressed as below:

1. The quasi-steady method requests relatively mush ilformation or parameters (only the structural
parameters of building envelopes and building dsiars) rather than a whole design model
requested in some thermal performance analysiwait

2. This quasi-steady method enables a quick predictfidhe thermal performance with MS Excel for a
conceptual design, rather than a complex functimgiamming usually requested in those methods
with software tools.

3. This research develops a unique method that isdbasehree simplified and combined index€g,(

Ki, @andS,) and the interrelationships with two integratedrthal performance indicatoraT,, and
aio) Of a building, and generates two thermal perferoesprediction charts which enables architects to

predict the thermal performance of their desigthenconceptual design stage.

As mentioned in discussion, this theoretical angeeiental study can be further developed as avacdt

with convenient user interfaces, which can be gasianipulated by practical architects and building

engineers. The method can be applied in the eadjgd stage, such as design briefing and conceptual

design to notify the clients the possible buildemyelope materials which could be chosen. This algb

give more accurate implication on the costs of Iidding at the early design stage. However, the

following limitations of the study should also beted. Firstly, it needs to be validated and adjistéh

the weather data and different building envelopdifferent cities in China. Secondly, other possibl

factors may be considered in this quasi-steady adeth future to promote the prediction precision of

conceptual thermal designs, such as the desigassiye heating and cooling systems, and passivteoton

strategies. Thirdly, this method also has to bthéurtested, adjusted and improved with differgpes and

complexities of buildings.
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Highlights
1. A quasi-steady method is developed to prediatlfidree-running temperatures.
2. The quasi-steady method was validated by BESTHt@dlings and two test buildings.
3. The connection of these thermal indexes is ksled via a sensitivity analysis.
4. The two decision-making charts for a conceptiesign are generated.

5. It's a unique and simplified prediction of thednperformance for a conceptual design.
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