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Abstract
There is a continuous dynamieat, air and moisture (HAMhteraction betwen the indoor
environment, building envelope and mechanicatays. In spite of these interdependences, the
current indoor, building envelomand energy analysis tools are ussdkependently. In this paper
a holistic HAM model that integrates buildingwelope enclosures, indoor environment, HVAC
systems, and indoor heat and moisture gen@ratiechanisms, and solves simultaneously for the
respective design parameters is developed. mbdel is benchmarkedith internationally
published test cases that require simultangoasliction of indoor environmental conditions,

building envelope moisture perform@nand energy efficiency of a building.

Keywords: whole building HAM analysis, hydhermal modeling, energy efficiency, indoor

environment, thermal comfort, building envelope performance
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NOMENCLATURE

A, condensate surface aregYm

A surface area of surface i{m

A, evaporative surface areaqm

Cv,, specific capacity of solid matrix (J/#g))
Cp, specific capacity of air (J/(Kg))

Cp, specific capacity of water vapor (JKE))
D, liquid conductivity (s)

fo, solar air factor (-)

g acceleration due to gravity (rfys

h™ mass transfer coeffient of surface i (kg/(Pam?))
h" heat transfer coefficient of surface i (W)

h!" mass transfer coefficiefor condensate surface
(kg/(P&m?))

h)" mass transfer coefficiefor evaporation surface
(kg/(P&m?))

hfg latent heat of evaporation/condensation (J/kg)

h, outdoor surafce heat transfer coefficient (Wh(H)

|, incident solar radiation (W/f

|, transmitted solar radiation (Whn

K, air flow coefficient (s)

M mass flow rate of dry air (kg/s)

M., mass flow rate of dry air
(humidification/dehumidification systems) (kg/s)
M, mass flow rate of dry air
(heating/cooling systems) (kg/s)
M molecular mass of water molecule (0.01806 kg/mol)

p zonev apour pressure (Pa)

P

) im atmospheric pressure (Pa)

P

Y vapour pressure (Pa)

P saturated vapor pressure (Pa)

piS surface vapor pressure of surface i (Pa)
P, saturated vapor pressure of reserediPa)
P, saturated vapor pressure of condensRa)

QS heat source (W/f

R universal gas constant (8.314 J/mol)

T temperature’C)

T, outdoor air temperaturéQ)
T.° surface temperature of surfacéG)

T set point temperaturéQ)

U oveall heat transfer coefficient (W/(t€))

U air velocity (m/s)

V volume of the zone (

W moisture content (kg/H

Y, mass fraction of air (-)




Y, mass fraction of liquid water (-)

Greek letters
o solar absorptance (-)

@ relative humidity (-)

P, density of air (kg/M)

P, density of water (kg/f
P, density of material (kg/M

Ay effective thermal conductivity (W/(m.K))

4 air dynamic viscosity (kg/(m.s))

T solar transmittance (-)

@ humidity ratio (kg/kg dry air)

o, humidity ratio of outdoor air (kg/kg dry air)
@’ humidity ratio of surface i (kg/kg dry air)
@ set point humidity ratio (kg/kg dry air)

0, vapor permeability (s).

O sorption capacity (kg/f




1 INTRODUCTION

Buildings are designed to create an isolapdce from the surrounding environment and
provide the desired inten environmental conditions for the occupants. In addition to fulfilling
the function of creating favorable indoor enviramtal conditions, buildings are expected to be
durable and energy efficient. These three fiomal requirements of the building should be
optimized for a given climatic condition. This optration process is necessary: 1) to provide a
comfortable indoor environment to occupantgsipeople spend most of their time indoors and
their productivity is als@lependent on how theyngeive their ndoor environment?) due to the
high level of investment and maintenance costsolved in the constiction of new buildings
and repair of building failures; 3) due to highergy consumption of buildings that results in
high energy bills to maintain theesired building operating conditions.

Of course, exclusively dealing with one aspof the building might lead to problems or
yield less efficiency in the other aspects. Erample, in early 1970’s as a means of reducing
energy consumption buildings were constructad eetrofitted to be more airtight and more
highly insulated. Although the energy efficienof the buildings improved, this new strategy
created more problems in respect to durabiitythe building envelop&ue to high moisture
accumulation in the building structure. The indbamidity levels were also elevated due to the

reduced air exchange, which resulted in lowupant comfort and health problems [1, 2 ].

To maintain the indoor humig level within the desigrrange, the building engineer

needs to use an indoor model to evaluate different ventilation strategies and/or moisture

2 According to Statistic Canada, over $82 billion is invested in new building construction and about $37 billion was spent
for renovation in 2007 (http://www41.statcan.ca/2008/2162/ceb2162_000-eng.htm).
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buffering materials, and decide time appropriate material and equipment size for ventilation,
humidification and dehumidification. Howevergtuccess of the strategy might depend on the
robustness of the indoor model used to ptethe indoor conditions. Most of the humidity
models [3-6]ignore or lack comprehensive analyf moisture exchaye between the various
building envelope components and the indoor air, despite the fact thexiapgely one-third of
the moisture generated inside a room may lserdled by moisture buffering materials [7,8]. In a
reverse moisture exchange process, a significant amount of masstateased to the indoor air
from the building enclosure (e.g. initial miise content of concrete) or/and surroundings
through foundation walls, floor and above ground congmts [9]. This dect interaction of
indoor air and building enclosure implies thaptedict the indoor airandition more accurately,
the indoor model needs to be dynamically coupliti the building enva&pe model to capture
the dynamic moisture and heatbange between the constructanmd indoor air. Conversely, to
realistically assess the hygrotheal performance of buildingnvelope components the indoor
boundary conditions need to be well known, camt to the current practice of using
predetermined simplistic or empirically gentech conditions [10-14]In reality the indoor
conditions are determined by performing an integtatnalysis of heat and mass balance of the
external and internal loading as well as thechanical systems’ outputs. Energy models usually
ignore the moisture effect onehthermal transport and storagemerties of materials [15] as
well as the local heating and cooling effectattiare generated within the structure due to
moisture phase changes (condensation angboeaion, respectively), which consequently
affects the sensible and latenahéad calculations for the buiifd). Incorrect pediction of the
indoor air condition and ignoring moisture in threergy calculation might lead to an incorrect

prediction of the required ventilation rate,eegy demand for heatinggoling, as well as



humidification/dehumidification needed to m&im the intended buildg operating conditions.

To deal with these interrelated and couplec@#, an integratednd fully coupled modeling
approach that integrates the dynamic HAM transfer of the building envelope with the indoor
environment and its component(iHVAC system, moisture anedit sources) is necessary. In
this paper, the development and benchnmgrkof a whole building hygrothermal model is
presented. The model can be used to simultahe@ssess building ermdure durability, indoor
conditions, occupant comfort, aia¢so the energy efficiency af building withthe objective of
attaining efficient building dggn. The development and béntarking of a building envelop
model, which is an essential building block to the holistic HAM model described in this paper, is

presented in Tariku et al[16] and Tariku [17].

2 WHOLE BUILDING HYGROTHE RMAL MODEL DEVELOPMENT

The holistic HAM model that isleveloped in this papeorsiders the building as an
integrated system consistingladilding enclosure, indoor envirommt, mechanical systems, and
the possible hygrothermal loadingBigure 1 shows the schematic representations of the
hygrothermal loadings that aexpected in a typicabuilding. The buildingis exposed to the
local weather conditions includingind-driven rain and solar reation on the outside, internal
heat and moisture generations as well as solarajathe inside. The building is also subjected
to additional hygrothermal loadings relatdd mechanical systems for heating/cooling,

de/humdification as well as ventilation.



Figure 1 Typical hygrothermal loadings on a building.

Generally, the indoor environmental conalits, more specifically, temperature and
relative humidity, are unknown quatnts, and have to be determined from the heat and mass
balance at the zone considering the three &medtmoisture exchange mechanisms: 1) heat and
mass transfer across the building enclosure;t2jnal heat and moisture generated by occupants
and their activities, as well as; 3) heat andstuwe supply by mechanical systems (heating,
cooling, humidification, dehumitication and ventilation) depeling on the mode of operation
of the building.

In this paper, two primary models, namehe building envelope model and the indoor
model, are integrated to form a whole bintyl hygrothermal modelThese primary models
account for the three heat amisture exchange mechanisme&ntioned above. The building

envelope model handles the heat and moisimcbanges between building enclosure and indoor



air, as well as the effect of the outdadimatic conditions on the indoor environment and
building envelope components’ performance. Teeoad and third heat and moisture transfer
mechanisms, i.e. the internadt and moisture generations ahd mechanical systems outputs,

are handled in the indoor modén. this section (2.1 t@.3), the mathematal models that are
implemented in the building envelope and indoor models as well as the integration of the two
primary models are discussed. In the nextisedB.1 to 3.3), the accuracy of the holistic HAM
model is verified based on a comparison wiisults derived from internationally published

benchmark exercises.

2.1 Building envelope model

A brief description of the transient buitdj envelope model is presented, a detailed
description of which are given ifariku et al. [16] ad Tariku [17]. The radel has the capability
of handling the non-linear and coupled HAMnsfer through multilayered porous media by
taking into account the non-lineaiygrothermal properties of matels, moisture transfer by
vapor diffusion, capillary liquid water transpaahd convective heat anuoisture transfers.
Moreover, the model accounts for the effect ofisnwe in the thermal storage and transfer
properties of materials as well as the local heating and cooling effects that are generated within
the structure due to moisture phase changes (i.e. condensation and evaporation, respectively).
The partial differential equations (PDESs) tlaaé implemented in theuilding envelope model

are the following:



2.1.1 Maoisture balance:

@%:v-(@vm D,VT)-V-(D p,d+ p,iC,Pyp) @)

where D, = 5,P+D PRT , D; = 5V¢@+ D, PWR|n(¢) andC, - 0.622
M ¢ oT M

atm

2.1.2 Heat balance:

oT
mepeff E"‘V'(U—r)pa(cpa"'wcpv)'k (2)

V(=24 VT ) =riphy, + 0T (Cp,—Cp)) + Q,

whereCpy =Cv,,+Y,(Cp, +@Cp,)+Y,Cp andr, =V-(5,VR,)-p,V-(liw)
2.1.3 Momentum balance (Darcy flow):

—V-(paﬁw}o 0
7,

The driving potentials of moisturend heat balance equations (Equati@h) and (2),
respectively) are relative humidity and tengiare, respectively. The airflow through the porous

media is governed by the Darcy equation that reltite flow rate with pressure gradient and air
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permeability characteristics of the media (Equaf{®). These nonlinear and coupled PDEs are
solved simultaneously for temperature, moisture and airflow velocity fields across the

computational domain (multi-layerddiilding envelope component).

2.2 Indoor model

The indoor model was developed to predie ihdoor temperature and humidity conditions
based on the heat and moisture balance in the zZoOme model accounts for the internal heat and
moisture generation, mechanical systems outputsedisas the heat and moisture fluxes that
cross the zone boundaries. The basic assumptitire hodel is that the indoor air is well mixed
and can be represented by a single node. Basetthis assumption, the indoor humidity and

energy balance equations for a zane derived as presented below.

2.2.1 Indoor humidity balance
The humidity balance equation incorporates thoisture absorption and desorption of the

hygroscopic internal lining of building envelope components and furnit@®), moisture
supply and removal from the zone by airflo(\va), moisture addition and removal
(humidification and dehumidiation) by mechanical systerﬁ@’;‘), moisture addition into the
zone due to occupant activitif®)'), evaporation from a water reservdiQ'), moisture
removal due to moisture condensation on surfa@éﬁ), and moisture removal by air-

conditioning systen(Qa”;). Mathematically, the indoor humidityalance equation is represented

by Equation(4).
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~d .
pavd_i):Qb +Qv +Qm+Qo +Qe +Qc +Qac (4)

where:

P

atm

- ! < 0T 0.622
The teernT_maxis the maximum moisture supply or remal capacity of the humidification or

dehumidification systems, respectively. Substituting these terms into the general humidity
balance equation (Equati¢d)), and rewriting vapor pressure ierms of humidity ratio yields

Equation(5) for the case where the humidification/dehumidification demand is less than the

equipment capacityf Q7 < Qf ..) -
5 d m m m . .
pan—i):—a)(z[ZAh +> AR+ AR }rmﬂnm}r
[Z{ZAh’”wf+Z&hé“@e+2/%h?@c}+rfwe+mna3+Q;"+Q;2] (5)
and Equation (6) for the case where the deime higher than the equipment capacity
(err:1 2 Q.rr:_max)
-d m m m .
pava‘"z—w[z{z/m + 2 AR+ Y AR }m}

A S AG S AN T ARG, |+ Q2
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2.2.2 Indoor energy balance
The general energy balance equation for tld®an air considers the energy exchange between

the building envelope internalurfaces and the indoor a(in“), the energy carried by the air
flow into and out of the zone(QV“), the heat supply and removal (heating/cooling) by

mechanical systems to maintain tloom in the desired temperature rar(g‘g;), the internal

heat generated due to occupant activitieg. (eooking) and buildingperation (e.g. lighting)

(Qg), the energy supplied and removed from the interior space due to enthalpy transfer by

moisture movemer(tQﬁ), and heat gain through the fenestration sys(te'ﬁh). The contribution

of each term in the total emgr balance equation is described below. For the purpose of energy
balance, the indoor air is assumed to be aurexof dry air and water vapor only. Hence, the

indoor energy balance in terms of mixwenthalpy is given by Equation(7).

PV D=+ QG Q) ™

where: Q=% AW'(T°-T); Q' =mCp,(T.-T);

Qh =, (Cp, +aCp,)(T-T)<Qh_a;

Qr =QCp,T" +mMCp, (@,T, ~ T )+QnCp,T™ +QCp,T° +QCp,T* +QCp,T +
Sensibleheat
hy, (@ + (@, - 0)+Q7 + Q7+ Q" +Q + Q)

Latent heat
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U

\h
Qi =A, U(TM-T) + —al, o+ forl,
—° h, B
duetotemperaturedifference fractionof transmited solar radiation

H_J
fractionof absorbed solar radiation

For moisture absorption by building envelope surface is the indoor temperature; for
desorptionT™ is the building envelope surface tezngture. For humidification proce3s™ is

the temperature of the moisture reledsgshe equipment, and for dehumidificatiari” is the
indoor air temperatur@ . T° is the temperature of the moisture released by the indoor moisture
source andT® is the temperature of evaporating moisture. The t%axis the maximum

sensible heating and cooling availafrom the respective equipment.

The termQ accounts for the sensible alatient heat transfer thateagenerated due to moisture
movement by ventilatioffiQ;") and convection at the itding envelope surfaceQ["); moisture

gain or removal from the indoor space by medatarsystems (humidigiation/dehumidification)

(Q;n“), and also other means: occupant acti(/@“), evaporatior Q" ) and condensatio(Q'c'“ ),

andQ" is the moisture removal bgir-conditioning system. Thisr@ along with the available

latent and sensible heat capacities of the air-conditioning system can be estimated using latent

degradation model [18,19]. Thestantaneous heat gain taetindoor air through fenestration

(Q'fh) is the sum of heat flow through thenéstration and a fraction of transmitted solar

radiation( fgl, = fo7l,) which instantly heats the indoor air.
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According to the European Standard pENDI&3791 [20]. the fraction of transmitted solar

radiation that will be aailabe as an immediate eggrinput to tke indoor air( f.,l,) depends on

the presence and quantity of very low thermal cap#eims such as, carpets and furniture inside
the room. The suggested values for the solar to air fgdtg) are 0, 0.1 and 0.2, for no
furniture, a small amount of furniture, and a laagaount of furniture, respectively. The rest of
the transmitted radiaton is assumed to be absdrnpdide interior surfaces that later transfer part
of the heat to the indoor air lmpnvection. The radiativis assumed to kdistributed uniformly

in the indoor space, and each e surface recives solar hegain proportunal to its surface
area. Following mathematical maniation of Equation (7), aftesubstituting these terms, gives

the final form of the indoor energy balanequation, Equation (8pr the case where the

heating/cooling demand is less than the equipment capéréﬂy< Q )

m_max

pNQ%—I =-T (Z AR +mCp, +mh, +UA, +rmw,Cp, +Q'C”‘vaj+

2 AN +mCp,T, + AT + AN[UTQ +%alo - f$r|0j+ Mw,Cp,T, + ®)

QCp,T” +QuCp,T™ +QyCp,T° +QCp,T*
where h, = Cp, + oCp, (sensible heat of thar-water vapor mixture)

and Equation (9) for the case where the dwime higher than the equipment capacity

(Qh=Qh )
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pa\ﬂL_ = _T[z Ahh + rhcpa +UAN+ r.rn)ecpv +Qéncpvj+

: ©
2 ANTE +MCPT +Qq oyt AN[UTe +%mo + fsarloJ+ mw,Cp,T, +

QrCp,T” +QrCp,T™ +QICp,T° +QICp,T*

The moisture and heat addition inte thone due to occupant activitie@{ and Q') are usually

independent of the indoor conditidout rather on the occupant beiwa. To reflect the level of
occupants activities at variousnies, diurnal moisture and heggneration schedulare used in

the indoor humidity andnergy calculations.

2.3 Integration of building envelopeand indoor models: Whole building

hygrothermal model

In the previous sections, the governinguations for HAM transport through building
enclosure (Equatiorfl), (2) and (3)), and the indoor heat anmhoisture balance equations
(Equation(5) and (7)) were stated. Integration of taexjuations in a single platform forms the
basis of the whole building hygrottmeal model. The heat and muise balance equations of the
building enclosure are coupledith the corresponding indoor heat and moisture balance
equations through the hygrothermal conditions (temperature and relative humidity) of the interior
surfaces. Consequently, during solving these couggeations, a solution with interior surfaces’
temperatures and relative humidity that sassboth the building enesure and indoor model
equations is sought.

A graphical representation of the whdirilding hygrothermamodel is shown irFigure 2

The hygrothermal responses of a building dodtemperature and relative humidity, energy
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consumption and building enclosure hygrotherrmahditions) are the consequences of the
dynamic interactions of various elements shownFigure 2 The building enclosure may
constitute many layers of different thickness, which may have unigudimear hygrothermal
properties. A change in the building encleswdesign, say painting the interior surface or
addition of insulation, or changes in climatonditions will affect the indoor air conditions,
which in turn affect the HVACsystem outputs, say dehumidification or heating demand.
Likewise, a change in the indobeat and moisture generatsoar HVAC system output affects
the indoor air conditions, which in turn affeitte hygrothermal performance of the building
enclosure. The holistic HAM moddkals with these interrelateddacoupled effects in a single
platform, and simultaneously predicts the indoor temperature and relative humidity conditions,
the moisture and temperature distributions i liilding envelope components, as well as the

heating and cooling loads.
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Figure 2 Schematic diagram of the whle building hygrothermal model.




The whole building hygrothermal modelvas developed on SimuLink simulation
environment, which provides a smodtterface with te COMSOL Multiphysié and MatLaB
computational tools. The simulation environmatiows full integrabn and dynamic coupling
of the building envelope and indoor models.

Figure 3shows the virtual simulation environment of a building that may be subjected to the
hygrothermal loadings that are shownHigure 1 The model takes into account the general
specifications of the building including buildinigcation (i.e. latitude, longitude, altitude),
topography (terrain roughness—isetbuilding located in an open flat land or in dense urban
area) and surrounding environmddegree of obstacles arounce thuilding) that may affect
wind pressure and air infiltration calculatiotsiilding size and orientation, surface area of the
building envelope components, orientation, areddbmponent inclination and air tightness. The
six building envelope component®ur walls, roof and floor) & encapsulated in the “Zone
Enclosure” block shown ifrigure 3 The building components can be composed of different
layers of materials and thickness, and caso dbe exposed to different exterior boundary
conditions. The block subtitled “Mechanical sfgms and Indoor heat and moisture gains”
consists of mechanical systems for heatinglogphumidification/dehumidification, ventilation,
and indoor moisture and heat generations. fidear “Furniture” block plays an important role
in regulating the indoor humidity condition ¢fie house. In the hstic HAM model it is
represented as an interior building envelopmmonent whose exterior surfaces are exposed to
the indoor environmental conditions. The outpotghe “Window” block, which are the heat
flux and window condensation rate, can sigaiftly influence the indoor environmental

conditions. The specifications of the windows oe four orientations can be different. The

¥ COMSOL Multiphysicshttp://www.comsol.com/
* Mathworkshttp://www.mathworks.com
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internal heat and moisture sources that camepeesented as a lumped system (for example,
evaporation of water from a sink or cooling of pan) are represented by the “Internal Heat and
Moisture source/sink-Lumped system” block. Finathe outputs of all the blocks are passed to
the “Zone Humidity and Energy balance” bloakhere the two linear ifst-order differential
equations for heat and moisture balances (Equ@bipand (7), respectively) are solved for the
indoor temperature and humidity ratio. The puis of the holistic HAMmodel include: 1)
transient temperature and morgtuistribution across each ilaing envelope component; 2)
transient indoor temperature and relative hutypidonditions, and; 3) transient heating and
cooling loads. In the next section, théale building hygrothermal model is benchmarked

against internationally published test cases.

[} InuvikHouse1_Original 1EBL.../BuildingiZone * =0
Eile Edic View Simulation Format  Tools  Hélp

ODeES | S8 9 2| » Normal HeEs  REGE

Mechanical Systems

&
Heat and Moisture Gains

Zone Enclosure

W= —

Windows . 4
Zone Humidity & Energy balance {E'—

-

Internal Heat & Moisture
sourcelsink--Lumped system

L

Furniture

-4 11 matlah - A Mode Navigator B yindows Task Manager & Beshiop

Figure 3 Virtual building as represented inthe whole building hygrothermal model
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3 BENCHMARKING OF THE WHOL E BUILDING HYGROTHERMAL

MODEL

To evaluate the robustness and accuracg ofimerical model,udikoff and Neymark [21]
recommended three classes of tests be conducteely: analytical verifications; comparison
with other models, and; validatis with experimental resulté.ccordingly, the whole building
hygrothermal model was benchmarked against iatemally published testases that cover the
three test categories. The newdgveloped hygrothermal model is referred as “HAMFitPlus” in

the presentation and discussion of results.

3.1 Analvtical verification

An analytical verification othe whole building hygrothermaladel, HAMFitPlus, is carried
out using test cases for which analytical solutians available. The test case was originally
formulated in the IEA/Annex 41 project [22,23] and later puliési by Rode et al [24]. In this
exercise, the quasi-steady indoor humidity condition of the simplified building, shokrgure
4, is calculated. The whole buifdj components (i.e. walls, roahd floor) are constructed from
a monolithic layer of 150 mm thick aerated coterelhe material properties of the aerated
concrete, represented in anglistic manner, are given ihable 1 The external surfaces of all
building envelope components (walls, roof arabf) are covered with a vapour tight membrane
to avoid vapour loss from insid® outside. However, the imter surfacesof all building
envelope components are open, where moisexehange between indoor air and building

enclosure is possibld=igure 5. The mass transfer coefficient for the interior surfaces is 2E-8

® |EA International Energy Agency
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m/s. Furthermore, the following assumptions are made: 1) the initial conditions (temperature and
relative humidity) of théuilding envelope components (waltepf and floor) and indoor air are

at 20C and 30%, respectively; 2) the outdoor temperature and relative humidity are also
constant and have the same values as thialiobnditions; 3) the indootemperature is held
constant at 2T during the simulation period, which resuih isothermal moisture absorption

and desorption processes; 4) the building is asstone@gerate with a constant ventilation rate of

0.5 ACH (air-exchange per hour), and 500 gfitoor moisture gain during the time between
9:00 to 17:00 h.

The schematic diagram of the diurnalistore production schedule is showrFigure 6 The
complete description of the exercises is givenRuut and Rode [22]. For this test case,
derivation of analytical solution is possible doethe various simplifying assumptions made in
respect to the building geometry, boundary coodgj hygrothermal material properties, and

also building operation.
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Figure 5 Typical building envelope

Figure 4 Schematic diagram of simplified building
component.
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Table 1 Simplified material properties of aerated concrete

ThicknessDensity| Conductivity | Heat capacity Water vapour permeability Sorption curve

(m) | (kg/m® | (W/mK) (I/kgK) (kg/m.s.Pa) (kg/n?)

0.15 650 0.18 840 3E-11 w=42.96%

LOOO

(g/hr)

500

0 6 12 18 24
17

Diurnal moisturgoroduction rate

9 oursofa da,

Figure 6 Diurnal moisture production schedule.

Figure 7shows the hourly average relative humidifythe indoor air after a quasi-steady
state condition is reached. The numerical prediction of HAMFStiduin excellent agreement
with the analytical solution prided by Bednar and Hagentoft [25]. The indoor relative humidity
steadily increases frodil.5% to 49% during the moisture generatiorigae(9:00-17:00 h), and
then decreases and completes tiycle (reduced to 41.5%), which is due to the presence of

ventilation (0.5 ACH) and abeee of moisture generation.
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3.2 Comparative test

In this benchmark exercise [24] an int&igd analysis of emgy, indoor humidity and
building envelope moisture conditis is carried out for a buildinexposed to the real weather
condition of Copenhagen, DenrkafAltitude 5, longitude 1240’ and latitude 5537’). The
schematic diagram of the building consideredtli@r whole building energy analysis is shown in
Figure 8 The building is made of monolithic aeratemhcrete panels and has two south facing
windows subjected to solar gain. The hygrotherpnaperties of the aeied concrete are taken
from the IEA Annex 24 repor2p]. The initial conditions of the construction and indoor air are
20°C and 80% relative humidity. Bhbouilding envelope componeman exchange moisture with
both outdoor and indoor air as these surfacepea for vapour transport. Subsequently, the

dynamic moisture buffering effects of thesempmnents can influence the indoor humidity
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condition of the building. The heahd mass transfer coefficientstbk interior surfaces are 8.3
W/(m?K) and 2E-8 kg/(s mMPa), respectively; the respective stam coefficients for the exterior
surfaces are 29.3v/(m? K) and 6.25E-8 kg/(s MmPa), respectively. These heat transfer
coefficients represent the combined coefficienftdheat transfer by convection and long-wave
radiation heat exchange. The emissivity andogtivity of the external opaque surfaces for
long-wave and short wave radiations aredn€ 0.6, respectively. The windows have a U-value
of 3 W/nfK and solar heat gain coeffent of one. The building is assumed to operate with a
constant ventilation rate of 0.5 ACH (air-exolga per hour) and conuwee sensibleheat and
moisture gains of 800 W and 500 g/hr, respedtivEhese indoor heat amdoisture generations
are at constant rate and occurs between 9:88ch17:00 h similar to the schedule shown in
Figure 6 The indoor temperature isaintained between 20 and°€7using a thermostatically
controlled mechanical system. The mechanical system is a 100% convective air system having
infinite sensible heating and cooling, but zetemd heat capacities. The system provides heating
if the air temperature is less than°@0 and cooling if the aitemperature is above Z7. The

indoor air temperature governgtbperation of the thermostat.
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Figure 8 Schematic diagram of a building thais considered for whole building heat and

moisture analysis

Simulation results

This test case involves interaction of tmeloor environment, buiidg envelope and HVAC
systems. Based on the integrated analysisedetltomponents, the heat and moisture conditions
of the building on a typical day (July™swith the operational condtins specified above are
presented irFigure 9 The simulation results of HAMFitPlus are shown in red, and that of all
other models results are shown in gray curvdse parameters that are used for inter-model
comparison cover the three aspects of wholéding performance assessment. These are: 1)
indoor environment: prediction of indoor teempture and relativdhumidity; 2) building
envelope hygrothermal condition, viz. temgtere and relative humiigl conditions of the
exterior surface of the roof; 3) energy constiom viz. estimation of the heating and cooling

loads that are required toaintain the indoor tempetat in the desired range.
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HAMFitPlus generates all these outputs diameously. In this comparative test, the
HAMFitPlus simulation results of the indoor hudity and temperature conditions, hygrothermal
conditions of the exterior roof surface andesyy demands to maintain the desired indoor
temperature are all well within ¢hrange of results obtained fraime other models. In fact, the
HAMPFitPlus model is in close agreement with thegch of models whossolutions are close to
one another.

HAMFitPlus simulation results for this typicdhy, indicate that: 1) The indoor relative
humidity fluctuation by about 11%, witiminimum and maximum values of 44 and 55%,
respectively; 2) The roof surfacentperature fluctuates as low as’@2during nighttime, and as
high as 38C at 13:00 h when the soleadiation is maximum. Thieemperature fluctuation can
dictate the direction of moistufiow (solar driven moisture floyy and subsequently result in
cyclic moisture condensationné evaporation in the roof stwre. The highest moisture
accumulation (corresponding to 76% relative hutyp)ds observed at the time when the roof
surface temperature is the lowest; 3) Thedmg requires heating from 1:00 to 9:00 h and
cooling from 10:00 to 21:00 h. The hourly peaating and cooling demands for that day are
1.16 and 5.68 kW, respectively. These energy demands occur at 5:00 and 14:00 h, respectively.
Moreover, the annual heating and coolilogds are estimated to be 15420 and 1880 kWh,

respectively.
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3.3 Experimental validation—Two rooms with real climatic exposure

In this section HAMFitPlus is benchmarked wikte field experimental data that is published
in Holm and Lengsfeld [27]. In this experinige two rooms that have identical geometry,
dimensions, and orientation as well as boundary conditions are considered. Each room has a
floor area of 19.34 fand volume of 48.49 TnOne of the rooms is designated as a reference
room and the other one as a test room. Th&grénce lies in the moisture buffering capacity of
the interior finishing layers. The reference room walls and ceiling are painted with latex paint.
The interior surfaces of the test room are unpainted, whereas the ceiling is covered with
aluminum foil. The approximate vapor diffusitimckness of latex pairand aluminum foil are
0.15 m and 10000 m, respectively. The exteriofases of the reference and test rooms are
exposed to real weather conditions of Haleken, Germany. Holzkirchen is located at 47.88°
north latitude and 11.73° east longitude, and dra®levation of 600 m. The temperature and
relative humidity conditions of adjacent space® used as the boundary conditions of the
respective surfaces. The ground temperature is assumed tdCbeTl2e emissivity and
absorptivity of the exterior and interior surfaces of the building components are 0.9 and 0.4,
respectively. A heat transfer coefficient of 8 Wikh is used for both internal and external
surfaces of the partition walls, ittieg and hallway walls as well abe internal surfaces of the
exterior walls and floor. The exterior surface heansfer coefficient of the exterior walls is 18
W/m’K. The thermal resistance between the motesurface of the floor and the ground is
assumed to be negligible, and representethenmodel by high heatansfer coefficient (100

W/m?K)
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3.3.1 Rooms operating conditions

During the experiment, the indoor temperatuwéshe two rooms are maintained at 20.2°C

using thermostaticallyantrolled radiator heaters. The refgal air exchange rates per hour due

to both infiltration and mechanical ventilationsggm are 0.63 and 0.68 fibre reference and test
rooms, respectively. The rooms atéjected to identical indoor msture load of2.4 kg per day.

The moisture load is distributed according te thurnal moisture production schedule shown in
Figure 10 According to this schedule, the occofs morning activities (such as taking a
shower) generates a peak moisture produataia of 400 g/hr foitwo hours (6:00-8:00 h).
Whereas, their evening activities (such as ampland washing dishes) result in a moderate
moisture production rate of 200 g/hr for six hours (16:00-22:00 h). For the rest of the day a 25
g/hr moisture production rate, whicepresents moisture generation by other than the occupants’

activity (such as pets @lants), is assumed.
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Figure 10 Diurnal moisture production schedule
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3.3.2 Comparison of ssimulation and measured results

In this model validation exercise, HAMFitPlusegicts the indoor relative humidity conditions
of the two rooms that have varying moisturdféning capacity and theby different degrees of
dynamic interaction between buildingwelope components and indoor air.

Figure 11shows the indoor relativeumidity of the two room$or the measurement period
of February 14 to March 20 2005 along wittAMFitPlus simulation results. The indoor
humidity profiles of the resetive rooms on a typical day, in this case Februafl, &ve
presented ifrigure 12 As can be seen in these figures, the simulation results of HAMFitPlus are
in good agreement with the cospnding measured data. The geadulation results obtained
here are attributed to theoatel’s capability of handling the dynamic indoor air and building
envelope heat and moisture interactions. &kperimental and simulation results demonstrate
the significance of moisturbuffering materials in modulating and reducing indoor humidity
fluctuation of a building. Generally, the indootateve humidity amplitudeof the test room is
relatively smaller than that of the referemoem. For example, the maximum and minimum
indoor relative humidity of the reference roowhich has a limited moisture buffering capacity,
on February 17 are 57 and 24%, respectiveRigure 13. Whereas in the case of the test room,
that has a higher moisture buffering capacitye corresponding values are 47 and 27%,
respectively fFigure 13. Consequently, the indoor relative humidity amplitudes of the two
respective rooms are 33 to 20%hese results suggest that terals with high moisture

buffering capacity provide a more stable indoamiudity condition (low fluctuation amplitude).
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4 CONCLUSIONS

The three aspects of building desigdurability, indoor condition, and energy
performance, are interrelated. These thimelding performance parameters have to be
considered simultaneously for optimized buildohgsign. Otherwise, there will be ambiguity of
indoor boundary conditions in building envelope performarssessment; lack of information
on moisture source and moisture buffering effect interior materials in indoor humidity
predictions; and inaccurate estimatioreaergy consumption and ventilation rates.

In this paper, a holistic HAM model is ggented by developing and integrating building
envelope and indoor models. Thedel is benchmarked againsteémationally published test
cases that are comprised of analytical fieations, comparison ih other models and
validations with expemental results. As demonstrated the benchmark exercises, the
integrated model handles the dynamic heat andtomeisteractions between building enclosure,
indoor air and HVAC systems. The model canfoeher developed to a multi-zone whole-
building HAM model by integrating it with a multione airflow model. The whole building heat
and moisture analyses that are presentethenpaper underlines the importance of coupling
building envelope and indoor environmentdocurately predict the indoor humidity, energy
consumption and durability of lauilding. Furthermore, the experimental and simulation results
demonstrate the significance of moisture burfig materials in modulating and reducing the
indoor humidity level of a building. The whole build hygrothermal model that is presented in
this paper, HAMFitPlus, has already been l@gp in real case scanos. The results in

comparison with measured data willfiesented in future publications.
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