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HANS JANSSEN1 AND STAF ROELS2
1

Departement of Civil Engineering, Technical University of Denmark
Brovej – Building 118, 2800 Kgs. Lyngby, Denmark
2
Laboratory of Building Physics, Catholic University of Leuven
Kasteelpark Arenberg 40, B-3001 Leuven, Belgium

ABSTRACT
The significance of interior humidity in attaining sustainable, durable, healthy and comfortable buildings is increasingly recognised. Given their significant interaction, interior
humidity appraisals need a qualitative and/or quantitative assessment of interior moisture buffering. While the effective moisture penetration depth and effective capacitance
models allow quantified assessment, their reliance on the ‘moisture penetration depth’
necessitates comprehensive material properties and hampers their application to multidimensional interior objects. On the other hand, while various recently suggested protocols for the simple and fast measurement of the moisture buffer potential of interior elements allow qualitative assessment, none of these are currently dependable for a wide
range of moisture production regimes.
In response to these flaws, this paper introduces the production-adaptive characterisation of the moisture buffer potential of interior elements and corroborates their superposition toward a room-enclosure moisture buffer potential. It is verified that this enables
qualitative comparison of enclosures in relation to interior moisture buffering. It is moreover demonstrated that it forms an alternative basis for quantitative evaluation of interior moisture buffering by the effective moisture penetration depth and effective capacitance models. The presented methodology uses simple and fast measurements only
and can also be applied to multimaterial and/or multidimensional interior elements.
KEYWORDS
moisture buffering, moisture buffer potential, moisture buffer value, hygric inertia
INTRODUCTION
The influences of interior humidity on the performance of building zones, building parts
and building occupants are strongly multifaceted and highly interrelated. Interior humidity significantly affects the energy performance of building zones, via the latent cooling
loads [1] and the ventilation heating loads [2]. Interior humidity moreover considerably
affects the appearance and stability of building parts, via the biological activities of fungi [3] and moulds [4]. Finally, interior humidity substantially affects the health [5,6] and
comfort [7,8] of building occupants. The development of sustainable, durable, healthy
and comfortable buildings hence requires the assessment of interior humidities.
Those interior humidities are governed by interior moisture sources, moisture transport
by ventilation air and moisture exchange with the room enclosure. The latter occurs in
all enclosure elements, both interior finishes and interior objects (furniture, carpets, dra1
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pes, books, etc). Several authors stress the importance of such interior moisture buffering in the global interior humidity evolution, supported by measurements [9-12] and simulations [12-16]. Interior moisture buffering is indeed shown to positively affect energy consumption, component durability, thermal comfort and air quality [10,12,15,17,18].
The development of sustainable, durable, healthy and comfortable buildings hence requires the quantitative and/or qualitative assessment of interior moisture buffering.
Qualitative assessment of interior moisture buffering requires a dependable, single-valued characterisation of the moisture buffer potential (MBP) of room enclosures, allowing comparison of different enclosure designs. Recently various protocols to characterise the MBP of single elements have been suggested [19-22] and their possible superposition to the enclosure level has been proposed as well [23]. This paper demonstrates though that only one of these single-element MBP protocols shows potential. In its
current form however, it does not dependably characterise the single-element MBP for
the wide variety of practical moisture production schemes. Moreover, its superposition
to a room-enclosure MBP remains uncorroborated. The selection of the proper singleelement MBP characterisation protocol, its enhancement to a production-adaptive single-element MBP and the corroboration of its superposition to a room-enclosure MBP
form the first goal of this paper.
Quantitative assessment of interior moisture buffering requires simulation of the interior
humidity, including the moisture exchange with interior elements. Such simulations are
very complicated however: while currently being applied for single rooms with simple finishes [16,24,25,26,27], full simulation of the moisture storage and transport in interior
elements remains unrealistic. This would require a detailed knowledge of the geometry
and the material properties of all indoor elements – info that is often unavailable –, and
it would lead to unacceptable calculation times. Simplified methods are commonly preferred, with the ‘effective moisture penetration depth’ and ‘effective capacitance’ models
as most common approaches. This paper demonstrates however that their reliance on
the ‘moisture penetration depth’ concept currently implies the time-consuming determination of moisture capacities and permeabilities of all materials involved, and hampers
its application to multimaterial and/or multidimensional elements. Establishing that the
presented production-adaptive room-enclosure MBP – simple and fast to measure and
applicable to both finishes and objects – can be employed to quantify interior moisture
buffering forms the second goal of this paper.
An introductory section reiterates the general moisture balance equations for a building
zone and its enclosure, and the descriptions of the simplifying ‘effective moisture penetration depth’ and ‘effective capacitance’ models, with emphasis on their principal flaws.
The second and third sections focus on the qualitative and quantitative assessments of
moisture buffering: the dependable characterisation of single-element and room-enclosure MBP and its employment for quantification purposes. A practical example, exemplifying the developed approach, concludes the paper.
MOISTURE BALANCES FOR ROOM AIR AND ENCLOSURE
In order to predict the evolution of vapour pressure, vapour concentration or dew point,
the moisture balance equation for the room air needs to be solved. In combination with
thermal information, the interior humidity evolution then can be evaluated, the possibility of surface condensation tested, the HVAC-system optimised, … Most building energy and hygrothermal models presume the room air well mixed, such that air temperature, humidity and pressure are equal over the entire building zone [28]. Assuming such
ideal convective mixing and no surface condensation, supposing air exchange with the
exterior environment only, and neglecting the temperature dependency of the air density, the moisture balance for the room air can be written as:
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with V/(RvTi) (m³.kg/J) the moisture capacity of the zone air, pvi/e (Pa) the partial vapour
pressure of interior/exterior air, n (1/h) the air change rate per hour, V the volume of the
zone (m³), Rv (462 J/kg/K) the gas constant of water vapour, Ti (K) the interior air temperature, Gvp (kg/s) the interior vapour production and Gbuf (kg/s) the moisture exchange between room air and room enclosure. The latter is governed by the vapour diffusion in the thin stagnant air layers near the surfaces of the elements, and can be written
as:
(2)
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with k (s/m) the convective surface film coefficient for vapour transfer, Ak (m²) the surface area and pvs,k (Pa) the surface vapour pressure for interior element k. The mass
storage and transport in each element k is described by:
(3)
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with wk (kg/m³) the moisture content, k (kg/m³) the moisture capacity with respect to relative humidity, pv,sat (Pa) the saturated vapour pressure and k (s) the water vapour permeability of the absorbing material k.
Thus, analysing the interior humidity evolution in a building zone requires simultaneous
solution of Eq. (1) for the room air and Eq. (2-3) for each interior element. Note moreover that Eq. (3) is non-linear: vapour permeability k and moisture capacity k are highly
dependent on humidity. Solving the system of equations can only be performed numerically consequently: while being applied for simple cases [16,24,25,26,27], general application remains hardy. The complexity of numerical simulation with multiple, multimaterial and/or multidimensional interior elements yields a far too high computational load.
Moreover, the material properties needed similarly lead to a too high experimental load.
The moisture exchange between room air and room enclosure is hence commonly
simplified, for which two models prevail.
Effective moisture penetration depth and effective capacitance models
The first model is best known as the ‘effective moisture penetration depth’ (EMPD) model [28,29]. Its key assumption is that only a thin surface layer of the interior element’s
material contributes to the moisture buffering process. Moisture storage and transport
in this buffer layer is described with a single control-volume equation. For a single buffer layer with available exchange surface A (m²), Eq. (2-3) combine to:

(4)
p  p vb
  p vb

 A    db 
G buf  A  vi
1 db
t  p v,sat ( b ) 

 2. p

where pvb (Pa) and b (°C) are the representative vapour pressure and temperature in
the buffer layer with thickness db (m) and p (s) and  (kg/m³) are the water vapour permeability and moisture capacity of the buffering layer. The thickness db of the buffering
layer is related to the effective moisture penetration depth dp (m) which in turn depends
on the period of the humidity variations in the room:
(5)
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where tp (s) is the period and a (-) an adjustment factor accounting for the fact that the
actual thickness d (m) of the material may be below the effective moisture penetration
depth dp. Hence, simplifying the humidity buffer layer to one buffer layer with thickness
db only yields reliable results for cyclic humidity variations with a constant period tp. To
overcome this problem, more advanced models make use of surface and deep storage
layers. In this way, both short- and long-term exchanges can be modelled.
The main disadvantage of the EMPD model is its reliance on the moisture penetration
depth of the material. Until now this property can only be calculated from the moisture
capacity and vapour permeability, measurements which are time and labour intensive.
Furthermore, the calculation of the moisture penetration depth is not well-defined for interior finishes with multiple finite-thickness material layers. The most important limitation though is that it is primarily developed for interior finishes (one-dimensional building
walls), while only with great difficulty applicable to interior objects (carpets, drapes,
furnishing or other multidimensional objects), which most often form the main buffer
capacity of a room enclosure. The EMPD method moreover necessitates solution of
Eq. (4) for each interior element, swiftly increasing the computational load when realistic enclosures are considered. Finally, while allowing quantification, the EMPD model
does not support qualitative assessment of the room-enclosure MBP. The surface areas, buffer thicknesses, vapour permeabilities and moisture capacities of the different
elements in the enclosure cannot be easily superposed to one simple enclosure MBP.
In the second method, often named ‘effective capacitance’ model (EC model), it is presumed that the humidity in the active part of the room enclosure is at all times in equilibrium with the room air humidity [30]. The moisture buffering capacity of the room enclosure can then easily be added to the room air capacity, reducing Eq. (1) to:
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where M (-) is the multiplication factor for the room air moisture capacity. Such renders
the effective capacitance model a very easy method, since no extra equations are to be
solved. Furthermore the multiplication factor M could also qualitatively characterise the
room-enclosure MBP: a larger M implies a larger potential for moisture buffering.
The correction factor M however remains very vaguely defined. Often only rough minimum and maximum values are given [e.g. 30,31]. Alternatively, M could be calculated
from the surface area, moisture capacity and moisture penetration depth of the interior
element:
 V
(7)
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In that case though, some of the drawbacks mentioned for the EMPD model also enter
here. Additionally, this definition of M can not be considered a reliable characterisation
of the room-enclosure MBP: it centres on the moisture capacity only, while omitting any
consideration of the moisture permeabilities involved.

It is obvious that the current possibilities for the qualitative and quantitative assessment
of interior moisture buffering are not optimal. In the next section we will introduce a dependable characterisation of single-element and room-enclosure MBP based on simple
and fast measurements only. The ensuing section will establish that such MBP characterisation can be equally employed for quantification purposes.
CHARACTERISATION OF SINGLE-ELEMENT AND ROOM-ENCLOSURE MBP

The hygric interactions between the room air and enclosure are determined by the contributions of the different elements comprised in the enclosure: the interior finishes and
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the interior objects – furniture, carpets, drapes, books etc. To dependably characterise
the MBP of enclosures, a characterisation of the MBP of single elements is hence needed first. First and foremost any single-element MBP characterisation has to dependably assess the potential of the element to absorb and/or release moisture, in response
to variously timed humidity variations in the ambient atmosphere. As such, the singleelement MBP characterisation has to aim at the finite surface mass transfer coefficient
controlled response of real elements, with (multiple) finite thickness (materials) or multidimensional features. Moreover the single-element MBP characterisation should yield
a limited set of values, allowing for a direct qualitative comparison of different elements.
Finally the single-element MBP characterisation should ideally only involve simple and
fast measurement techniques and equipment. This leads to three criteria for the singleelement MBP characterisation:
1. dependable assessment of the element’s MBP (dependability);
2. direct qualitative comparison of different elements (comparison);
3. characterisation with simple and fast methods (measurement);
Moreover, straightforward extension to the room enclosure level for both qualitative and
quantitative purposes should be possible, defining two additional criteria:
4. extendibility to the level of the room enclosure (extendibility);
5. quantification of moisture buffer performance (quantification);
These criteria form the basis for the selection and elaboration of a sound procedure for
the characterisation of single-element and room-enclosure MBP. For reasons of conciseness, this paper mostly focuses on homogeneous single-layer interior finishes. The
developed methodology does however similarly apply to more complex interior finishes
and to interior objects. Any ‘interior element’ in this article thus refers to an ‘interior finish’, but implies the analogous approach for an ‘interior object’.
Single-element MBP characterisation protocol

Proposals for single-element MBP characterisation
Recently numerous proposals for the MBP characterisation of single finishing materials
and finishes have been presented, besides the common moisture capacity and permeability. The moisture effusivity was suggested as “theoretical description” of the singleelement MBP by Rode et al. [19]. Delgado et al. [20] advocate the use of sorption kinetics: the moisture accumulation in a sample of the element due to a single step-change
in ambient relative humidity (RH) is curve-fitted with a predefined formula, involving an
equivalent element storage and transport parameter. Japanese Industrial Standard A
1470-1 [21], Draft International Standard 24353 [22], and the Nordtest Moisture Buffer
Value protocol [19] propose using the amplitude of the moisture accumulation in a element sample exposed to cyclic step changes in ambient RH.
While the standard moisture capacity and moisture permeability allow calculation of the
hygric response of materials, they are as such not a valid single-element MBP characterisation. As material properties, they do not represent variously timed humidity variations, finite surface mass transfer coefficients, (multiple) finite thickness (materials) nor
multidimensional features. In addition, they do not allow direct comparison of different
elements, due to the coupled relation with the MBP: materials with a high capacity and
average permeability may have a similar MBP’s as materials with an average capacity
and high permeability.
The effusivity, the proportionality that appears in the relation between the moisture accumulation in a half-infinite homogeneous slab due to a surface vapour pressure change and the square root of time, does not suffer from this and thus results in a comparable characterisation of the MBP. Again though, being a material property, the effusivity
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can not account for variously timed humidity variations, finite surface mass transfer coefficients, (multiple) finite thickness (materials) or multidimensional features.
The application of sorption kinetics to step-change (de)sorption experiments allows arriving at whole-element storage and transport parameters thus accounting for variously
timed humidity variations, finite surface mass transfer coefficients, (multiple) finite thickness (materials) and multidimensional features. The double description with a storage
and transport parameter gives issues similar to the moisture capacity and permeability
though: the direct comparison of different elements is difficult.
Most attention has hence gone to MBP characterisations from cyclic step-change (de)sorption measurements [19,21,22]. The sample of the element is conditioned to a specific RH, and sealed at all but its normally exposed sides. It is then alternatingly exposed to a high and low ambient humidity for predefined intervals of time. The sample’s
moisture mass evolution is recorded and the MBP is obtained from the normalised amplitude of this signal. Its measurement is simple and fast. Yielding a single value, the
procedure allows a direct qualitative comparison of different elements. Accounting for
finite surface mass transfer coefficients, (multiple) finite thickness (materials) and multidimensional features, these protocols form a good foundation for the dependable characterisation of the MBP of interior elements. It will be shown below though that such
dependability requires an extension of the current protocols. Before we do so, the differences between the procedures, and their consequences for MBP characterisation,
will be highlighted.

Cyclic step-change (de)sorption measurements
The Japanese Industrial Standard (JIS), Draft International Sta8ndard (DIS) and Nordtest protocol (NT) formulate similar procedures, making use of cyclic step-change (de)sorption measurements. NT defines the ‘Moisture Buffer Value’ (MBV) of a finish by a
normalisation of the moisture mass amplitude per m² and % RH change:
(8)
m max  m min
(kg /(m 2  %RH))
MBV8h 
A   high   low





where mmax / min (kg/m²) are the maximum/minimum moisture mass of the finish sample,
A (m²) is the exposed surface of the sample, and high/low (-) are the high/low RH levels
applied in the measurement. An analogous definition for an object is:
(9)
 m min
m
MBV8h '  max
(kg / %RH)
 high   low
Illustratively, Figure 1 depicts MBV/MBV’ measurements of 1 m² of cork-board (4 mm),
1 m² of woollen carpet and a 1 meter long wooden bookshelf with books [32]. The important influence of the latter can be easily observed: to obtain a similar buffer potential
as one meter of book shelf, more than 12 m² of cork-board is needed. Such interior objects are unfortunately difficult to integrate in the current formulations of the EMPD and
EC models, which mostly characterise building enclosures by the finishes only.
While all three protocols intend to characterise the MBP of interior finishes (or objects),
their procedures differ significantly concerning the RH levels, the time intervals, the surface mass transfer coefficients and the sample thicknesses involved, as confirmed with
Table 1. Moreover, while NT targets the stable final cycle, with fairly equal amounts of
sorbed and desorbed moisture, JIS and DIS impose a single or a limited number of cycles and thus allow for differences between sorption and desorption. It is not clear how
these should be interpreted or applied though, and therefore, only steady-periodic MBP
characterisations are considered here.
Table 1 reveals another fundamental difference between NT and JIS & DIS: NT’s option for a sufficiently thick sample with a sufficiently high surface mass transfer coefficient reveals that NT essentially desires determining a material property, not accounting
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for finite surface mass transfer coefficients, (multiple) finite thickness (layers) or multidimensional features. This NT choice furthermore assumes that the penetration thickness of the material is known, which may necessitate the full determination of the material’s moisture storage and transport properties.
Table 1 indicates that different RH levels, time intervals, surface mass transfer coefficients and sample thicknesses are prescribed by the different protocols. In a sensitivity
study [32-34] it has been shown that all these have a significant effect on the resulting
MBP-value, and that all should be chosen to closely mimic the real conditions that the
interior element would be exposed to. Janssen and Roels [34] conclude that for a dependable single-element MBP characterisation, measurements should be made with:
o RH levels in accordance with the expected ambient RH;
o samples with build-up and dimensions similar to practice;
o surface mass transfer coefficients as anticipated in practice;
o time intervals in agreement with the likely moisture production;
Dependability of the MBP characterisation
Given the probable variability of practical moisture production schemes, particularly the
latter statement presents a problem. The current formulation of the MBV protocol is indeed reliable only for a limited set of moisture production schemes. The following paragraphs will present an enhancement to overcome that flaw.

Moisture production regimes in dwellings
Between 2002 and 2005 a huge measurement campaign was performed to assess the
indoor humidity classes in typical Belgium dwellings [35]. The measurement campaign
was part of a global research program investigating moisture problems in roof constructions. In total 39 Belgian dwellings were examined: in each dwelling temperatures and
relative humidities were logged every 10 minutes. Since previous measurements had
indicated that the temperature and relative humidity could vary significantly from room
to room, different rooms were measured simultaneously. As example, Figure 2 shows
the evolution of the measured RH’s in a detached house (social housing without balanced ventilation system, Nieuwpoort, Belgium) over a three day period in February 2004.
Based on these measurements, the dwelling corresponds to a moderate indoor climate
class [36].
Analysing the evolution of the RH’s as measured in the different rooms, it can be seen
that the main bedroom agrees rather well with NT’s 8 / 16 h loading/unloading scheme.
In the bathroom, living room and kitchen, on the other hand, the loading schemes are
much more variable. In the bathroom typical short-term moisture peaks are observed,
while the kitchen and living room show moisture production intervals with lengths varying from one to five hours. Similarly variable moisture production schemes are found
for non-residential buildings, like offices, museums or schools. For that reason, three
different moisture production regimes – long, short, peak – are defined in the next section for the analysis of the moisture buffering in building zones. Conclusively Figure 2
also indicates that the influences of the exterior climate on the interior humidity are
small: the key variations are caused by interior moisture production events.

Single-element MBP and interior moisture buffering simulations
The single-element MBP characterisation by cyclic step-change (de)sorption measurements can only be considered dependable if it yields a reliable measure for the expected effect of the moisture storage in the interior element on the interior humidity variations. More particularly, the dampening of the interior RH variations by storage in the interior element should be proportional to its MBV. To verify that dependability, the MBV
of 15 different finishes and the humidity variations in a room cladded with those are de-
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termined numerically. Notwithstanding the recent proposals of several MBP protocols,
their reliability has never been analysed. It will be demonstrated here that the retained
cyclic step-change (de)sorption protocol, in its original formulation, does not satisfy this
requirement, and that an enhancement is due.
The interior elements studied in this paper have been limited to single-layer homogeneous finishes only, using 7 different building materials at thicknesses of 1 cm and 10 cm:
wood fibreboard [37], plywood [37], gypsum plaster [38], aerated cellular concrete [39],
cellulose insulation [39], flax insulation [39] and perlite insulation [39]. Whereas some
of those finishes might in reality never be applied in this way, they are selected for their
differing sorption isotherm, water vapour permeability and penetration depth, such that
different dynamic responses can be expected. It is reasoned that the resulting range of
interior finishes can be considered representative for the moisture buffering by a broad
variety of real interior finishes and objects. Note that in this analysis hysteresis on the
sorption isotherm is not considered critical and is thus not taken into account. More details on the material data can be found in appendix 1.
All simulations are performed with a numerical model for moisture transport in building
parts [40], which makes use of a finite-element spatial discretisation and a fully implicit
temporal discretisation. Use of hygrothermal simulation models for quantifying singleelement MBP and interior moisture buffering has recently been validated [41,42]. All simulations are entirely isothermal, with temperatures constant at 20 °C. While such isothermality may be considered a limitation, it is in line with the current practice of the isothermal measurement of moisture capacities, vapour permeabilities – for use in EMPD
and EC models – and moisture buffer values. Any deficiency of the EMPD and EC model for non-isothermal conditions will thus not be solved by the current approach: this is
however not the aim of this paper.
For the single-element MBP determination, the surface mass transfer coefficient governed response of the material to a rectangular-wave variation in ambient relative humidity is calculated with Eq. (2,3). The Nordtest’s 33-75 % RH levels and 8-16 h time intervals are used in combination with the JIS’ real thickness and 2.0·10-8 s/m surface mass
transfer coefficient. Simulations are executed for 10 days: a sufficiently steady-periodic
cycle is attained after such interval.
For the interior moisture buffering calculation, the humidity variations in a room finished
with one of the 15 finishes considered are simulated with Eq. (1). A room of 90 m³ total
volume is assumed finished with 60 m² of hygroscopic materials. An air change rate of
0.5 /h and a surface mass transfer coefficient of 2.0·10-8 s/m is assumed.
Three moisture production regimes are considered:
- a long regime where 300 g/h is produced between 0 and 8 am, and 0 g/h at all
other times.
- a short regime where 600 g/h is produced between 0 and 1am, 6 and 7 am, 12
am and 1 pm and 6 and 7 pm, and 0 g/h at all other times.
- a peak regime where 325 g/h is produced between 6 and 8 am and 5 and 9 pm,
and 25 g/h at all other times.
Two ventilation air cases are investigated: an academic case, in which the vapour concentration of the incoming air is taken constant at 6.11 g/m³ (10 °C & 65 % RH), and a
realistic case, in which real climatic data (data-file for Essen, Germany) are applied for
the vapour concentration of the incoming air. The academic case is simulated for a 10day interval: a steady-periodic cycle is readily achieved after such interval, which is retained for analysis. The realistic case is simulated for one year plus a foregoing adjustment interval of 3 months: only the full year results are retained. The amplitudes of the
interior RH are considered inversely representative for the interior moisture buffering effects and are defined here as:
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for the academic conditions: half the difference in interior RH levels at respectively the start and end of the moisture production interval. This implies that two
amplitudes result for the peak regime, one for the 6 to 8 am, and one for the 5
to 9 pm production event respectively;
o for the realistic conditions: instead of the interior RH levels at the start and end
of the moisture production intervals, running 24-h maxima and minima are respectively used. This results in hourly values of ‘running amplitude’: their yearly
average is used as representative amplitude. In this case, all regimes result in
a single amplitude;
Figure 3 illustrates the relation between the MBV8h and the interior RH amplitudes from
moisture buffering simulations for the academic and realistic cases with the long, short,
peak moisture production regimes. While MBV8h dependably characterises the interior
moisture buffering for the long regime, this is not the case for the short or peak regime:
the formerly observed uniqueness of the relations is lost. This can be clearly observed
for MBV8h between 0.5 and 1.0 g/(m².%RH). Hence, MBV8h can only be considered to
dependably characterise the single-element MBP characterisation when the long moisture production regime is targeted. Only then do the realistic moisture production interval and the time intervals applied in the MBP characterisation agree. Generally, it must
be concluded that a dependable single-element MBP characterisation requires the time
intervals applied in the characterisation to correspond with the likely moisture production regime in practice. Figure 2 implies though that these practical moisture production
intervals may vary: from one hour for the bathroom, over four-to-five hour for the living
room and kitchen, up to eight hour for the bedroom. This variation is not recognised by
any of the cyclic step-change (de)sorption measurement protocols [19,21,22] and their
enhancement is required .
o

Production-interval adaptive MBP characterisation
To correct for the above-mentioned flaw, a weighted-average MBP characterisation is
proposed here as enhancement:
(10)
MBV *    MBV  1     MBV
8h

1h

with MBV* the production-interval adapted MBV, MBV8h/1h measured MBV values (see
below) and α (-) is a weighting factor (see below). The MBV* is introduced here from
the NT protocol, but the methodology is similarly applicable to the JIS or DIS protocol.
The newly introduced MBV1h does not call for extra measurement effort, as it additionally results from the normal MBV8h measurement. Just like MBV8h is derived from the
accumulated moisture after eight hour at high RH, MBV1h is derived from the accumulated moisture after just one hour at the high RH level within the 8 /16 h measurement.
Simulations indicate that this procedure yields similar MBV1h as would result from a focused measurement with a 1-hour high RH and, for example, a 2-hour low RH interval.
The determination of MBV1h/8h is graphically illustrated in Figure 4 for 1 cm and 10 cm
gypsum plaster.
The following values are proposed for the weighting factor α:
o 0 hour < production interval ≤ 2 hour:
α = 0.0;
o 2 hour < production interval ≤ 6 hour:
α = 0.5;
o 6 hour < production interval ≤ 10 hours:
α = 1.0;
When accurate information on the production regime is available, more detailed values
for α may be applied. If even longer moisture production intervals are anticipated, a similar weighted-average could be derived for the JIS 24 / 24 h scheme. In that case, a
determination of MBV1h, MBV8h and MBV24h, with appropriate interpolation factors, may
be recommended. For the long, short and peak production regimes considered in this
paper, Eq. (10) is deemed appropriate, and α is assumed 1, 0 and 0.5 respectively.
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The resulting relations between MBV* and the interior RH amplitudes are brought together in Figure 5: the comparison with Figure 3 indicates that the use of MBV* results in
far more consistent MBP - interior RH amplitude relations. The strong uniqueness of
the relations depicted in Figure 5 points out that the production-interval adapted MBV*
yields a dependable characterisation of single-element MBP. Observe that this is also
true for the peak production regime, where the average of MBV8h and MBV1h is used as
MBP for both a 2- and a 4-hour moisture production interval.
Room-enclosure MBP characterisation
As the moisture exchange between indoor air and enclosure is determined by the contribution of the different hygroscopic elements comprised in the enclosure, the first part
of this study elaborated the characterisation of a single-element MBP. To fulfil the first
three criteria mentioned in the introduction (dependable assessment, direct qualitative
comparison, and fast and easy characterisation), the production-interval adapted MBV*
characterisation for a single element was presented. The experiment to determine the
MBV* of a cladding is easy to perform and straightforward, but its application is currently restricted to single elements.
Real rooms on the other hand are generally cladded with several finishes and may moreover comprise interior objects: furniture, decoration, carpets, drapes, books, etc. Recently Ramos and de Freitas [23] proposed to characterise a room’s hygric inertia as a
superposition of the MBP of the interior finishes and objects in the room:
(11)
HIR 
A k  MBPk  MBPl' V







with HIR (kg/m³/%RH) the hygric inertia per cubic meter of room, MBPk (kg/m²/%RH)
and Ak (m²) the moisture buffer potential and area of finish k, MBP’l (kg/%RH) the equivalent moisture buffer potential of object l and V (m³) the volume of the room. Generalising Eq. (11) to a production-interval adaptive HIR* characterisation by use of MBV*,
we obtain:
(12)
HIR * 
A k  MBVk*  MBVl'* V    HIR 8h  1     HIR 1h







where HIR8h/1h (kg/m³/%RH) are the long/short term inertia and  the weighting factor
depending on the moisture production scheme concerned. While its thermal analogue
is generally accepted and widely used, the validity of Eqs. (11-12) still requires verification. Therefore interior moisture buffering simulations are performed with different surface area’s (40 m² and 100 m²) of single finishes, and with combinations of different finishes (total surface area: 60 m²). As the former investigations of MBV* proved the dependability for all kinds of production regimes and boundary conditions, the current numerical simulations are limited to the long moisture production scheme and the academic ventilation air condition only.
The resulting relations between HIR* and the interior RH amplitude are shown in Figure
6. As for MBV*, an acceptably unique relationship between the dampening of the interior RH-variations and the HIR*-value of the building enclosure is found. It can thus be
stated that the hygric inertia of an entire room enclosure can be determined from its different contributing components. This implies that the fourth criterion, requiring that the
MBP characterisation should be extendable to the level of the room enclosure, is met,
and that the MBP of a room enclosure can be qualitatively assessed based on its HIR*value. The developed MBP characterisation requires simple and fast cyclic step-change (de)sorption measurements, and is applicable for homogeneous finishes as well as
for multimaterial and multidimensional interior elements.
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QUANTIFICATION OF INTERIOR MOISTURE BUFFERING BY ENCLOSURES
The previous section revealed that – analogous with the thermal inertia – the hygric inertia of a building enclosure can be determined through superposition. Making use of
the production-adaptive MBV* of the different finishes and objects in the room, the proposed characterisation showed to be dependable for a wide variety of different moisture production schemes. Ultimately however, one doesn’t only want to qualitatively assess the enclosure’s MBP, but also aims to quantitatively assess its effect on the interior humidity variations (criterion 5). It will be shown in this section that the introduced
HIR*-value can equally be employed to arrive at the parameters required in the simplified EMPD and EC models, now based though on simple and fast measurements only
and applicable for interior finishes and objects alike.
Effective moisture penetration depth model
The EMPD model is originally developed for moisture storage in building walls, assuming that only a thin layer near the interior surface interacts with the indoor air: the buffer
storage layer. Some models solve Eq. (4) separately for all available humidity buffering
finishes [e.g. 43]. In most BES-codes however, all interior elements need to be lumped
into one equivalent buffer layer. The moisture properties of the layer have to be chosen
such that they result in similar storage behaviour. This approach could also be applied
to comprise multidimensional interior objects (furniture, drapes, books, …) in that equivalent humidity buffer layer. However, no suitable methodology, providing guidance in
this lumping process, is available.
In this section such methodology is presented, transforming the room-enclosure MBP
characterisation HIR* to an equivalent single buffer layer, thus applicable in the EMPD
model. For a single homogeneous material, by describing the active layer thickness db
as a fraction a of the moisture penetration depth dp (Eq. (5)), Eq. (4) can be written as:
p vi  p vb
p vb
(13)

A

1

i

 a  t p  (2.b)

 Aa  tp  b

t

a=min(d/dp,1)

with b (s3/2/m)is the material’s effusivity. Eq. (10) implies that the storage response of
an element is essentially governed by the material’s effusivity b and the thickness adjustment factor a. On the other hand, the analytic solution for moisture accumulation in
a finite homogeneous slab due to a step-change in environment vapour pressure [45] –
which is used in the MBV-characterisation procedure – is equally governed by b and a,
implying that b and a can be determined from the measured MBV8h/1h. Hence, MBV8h/1h
can be used to quantify the moisture buffer effects via Eq. (13), not only for homogeneous finishes, but also to transform multidimensional objects into an equivalent buffer layer. Similarly, the HIR8h/1h-values, characterising the hygric inertia of a complete building enclosure, can be used to obtain an enclosure equivalent beq and aeq:
(14)
A k  MBVk,8h / 1h 
MBVl,' 8h / 1h A TOT  MBVeq,8h / 1h
HIR 8h / 1h 

V
V





Following [45] MBVeq,8h/1h can be written as:
MBVeq,8h / 1h  a eq 

with  

tp


 b eq

a eq  
b eq




 p vi 1 


tp


, 



2²

exp  i ²   

i1   i ²   1   i ² 




t
a 2eq

 tp

(15)

and i roots of   tan(  )  
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Knowing HIR8h and HIR1h, the effusivity beq and adjustment factor aeq of the equivalent
single buffer layer of the complete room enclosure can be obtained from Eq. (15), with
tp 24 hours and t 8 hours and 1 hour respectively. Note that due to the influence of the
surface film transfer coefficient, a reliable fit of aeq and beq can only be achieved with a
good assumption of the total exchange surface ATOT. For interior finishes, the real surface area can be taken. To transform the hygric inertia of a whole building zone to an
equivalent single buffer layer, the exchange surface area should be taken close to the
sum of all surface areas of finishes and other hygroscopically active interior objects in
the zone. Determination of it could possibly be based on a 3D-room model as presented in [44], but the next section will show that rough estimates of the exchange surface
suffice. If the effect of the surface film coefficient is negligible, fitting can be performed
on aeq and ATOT.beq instead of aeq and beq, making use of the analytic solution for a step
change in surface vapour pressure [45].
Effective capacitance model
The EC model assumes the mass of moisture buffered in the hygric inertia of the room
Mbuf (kg) in equilibrium with the room humidity and proportional to the HIR*-value of the
room enclosure. That allows to write the water vapour exchange Gbuf of Eq. (2) as:
(16)
Mbuf 100  HIR * V p vi
G buf 

p v,sat
t
t

The factor 100 appears in the equation to convert the kg/%RH/m³ unit of the HIR*-value back to kg/m³. Eq. (16) transforms Eq. (1) into:
 V
(17)
100  HIR * V  p vi
nV



(
p

p
)

G
ve
vi
vp
R T
 t
p v,sat
3600R v Ti
 v i

and the multiplication factor M of Eq. (6) for a given building enclosure is now defined
as:
 100  HIR * 
(18)

M  1 

 v,sat


with v,sat the saturated interior vapour density (kg/m³). Compared with the rough estimates for the multiplication factor M mentioned in some BES-code manuals [e.g. [31],
or the value determined with the EMPD model (Eq. (7)), the value proposed in Eq. (15)
corresponds to a reliable total enlarged moisture capacity of the building enclosure. As
an example, Table 2 gives the HIR*-values and corresponding multiplication factors M
for a 90 m³ room (b x l x h=5 x 6 x 3 m³), finished and furnished with different elements.
In addition to some of the seven original finishing materials also the woollen carpet and
the bookshelf of Fig. 1 are used as furniture and finish in the room. As can be seen the
multiplication factor varies between 1 and 22, which is far above the recommendations
found in the TRNSYS-manual [31], proposing values in the range of 1 to 10.
Comparison of the results
To illustrate the quantitative applicability of HIR*, interior moisture buffering simulations
are performed based on the simplified EMPD and EC models. We limit the hygric inertia in the room to 60 m² of finish, so the two simplified approaches can be compared to
full numerical simulation of the moisture exchange with the enclosure. Two different finishes are considered: 1 cm wood fibre board (WFB) and 1 cm plywood (PW). While
being academic, it is assumed that they are equally illustrative. The main properties of
these finishes are gathered in Appendix 1 (Table 5). Simulations are made for a room
finished with WFB and PW only, and for both materials combined. In the combined case, WFB and PW are each applied with 30 m² surface area.
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To translate the HIR*-values to an equivalent single buffer layer in the effective moisture penetration depth model, the period tp has to be chosen (Eq. (15)). Like the weighting factor α in the HIR*-approach, the period is function of the moisture production regime. For the current study it is set 24, 12 and 6 hours for respectively the long (α=1.0),
peak (α=0.5) and short regime (α=0.0).
Figure 7 shows the results when 30 m² of WFB are combined with 30 m² of PW for the
academic conditions. Similar results are found for other cases. As an example for the
realistic conditions, Figure 8 plots the response of the room one day at the end of May.
Again, similar graphs could be shown for the rooms solely finished with 60 m² of WFB
or PW. Note that, while only single finishing materials are considered here for reason
of comparison, the MBV of WFB or PW could equally represent the MBV’ of an interior
object.
Both for the academic and realistic conditions, a close agreement is found between the
fully numerical and the EMPD solution. This supports the applicability of HIR* for a reliable quantification of the equivalent single buffer capacity and permeability. For the EC
model on the other hand, fair predictions of the RH minima and maxima are found, but
it is not able to predict the exact course of the indoor RH-variations. Such is no flaw of
the developed HIR* methodology, but a well-known shortcoming of the EC model.
PRACTICAL EXAMPLE
To illustrate the capability of the HIR*-approach and to stress the importance of a correct characterisation of a room enclosure’s hygric inertia, the present section exemplifies the developed methodology with a practical case. We consider a small library of
14 by 15 m², with a height of 4 meter. The library contains in total 24 book racks of 5
by 1.8 meter, lined up in twos, back to back. A plan view of the library is given in Figure 9. One wall (15x4m²) is totally glazed, while the other walls are finished with 1cm
gypsum plaster on concrete and an acoustical ceiling is applied on the ceiling surface.
The buffering materials considered and their MBV8h/1h-values are collected in Table 3.
A HVAC-system injects continuously preconditioned air at 20°C and 50% RH at a rate
of 0.5 ACH. The humidity response of the library enclosure is simulated for a rainy day
when visitors enter the library with wet clothes. The moisture source Gvp (kg/s) of Eq.
(1) is written as a function of the varying number of visitors:
(19)
G vp  n visitors  (  A visitor  (p v,sat  p vi )  1.67 10 5 )

assuming that each visitor corresponds to an evaporation surface Avisitor (1.7m²), complemented with a constant term to account for the average vapour production through
breathing. The surface transfer coefficient is set at 2.0·10-8 s/m.
Two cases are distinguished. Firstly the response of the library is calculated when only
the wall and ceiling surfaces are considered as buffering elements. In the second case
also the hygric buffering by the book shelves is incorporated. The weighting factor  to
obtain the production-adaptive hygric inertia HIR* is taken as 1. In both cases the RHcourse inside the library is predicted with the EMPD and the EC model. In the EC model, the multiplication factor is directly derived from the HIR*-value of the library based
on Eq. (18). In the EMPD model, the global hygric inertia of the library is translated to
an equivalent single buffer layer. The MBV-values, effusivity and thickness adjustment
factor of the equivalent single buffer layer are gathered with the HIR*-values in Table 4.
To apply the EMPD model’s Eq. (14-15), the total exchange surface ATOT has to be determined. For the first case that exchange surface is taken as the total surface area of
ceiling and walls. In the second case, when also taking into account the hygric buffering by the book shelves, the front areas of the book racks is added to the total surface
area of case 1.
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Figure 10 compares the predicted RH-courses for both cases and both models. As a
reference the predicted RH-course when no moisture buffering is taken into account is
given as well. The number of visitors during the day is plotted on the right axis of the
graph. The influence of the visitors entering the library with wet clothes is clearly visible on the predicted RH-course. However, when only the walls and ceiling are taken
as buffering materials, the effect is strongly overrated: the interior RH runs up from 50
to 75%, while when also incorporating the buffering effects of the books the increase is
limited to 11%. Comparing the EMPD model with the EC model the same conclusions
can be drawn as in the previous section: the EC model acceptably predicts the global
amplitude, but is not able to simulate the exact course of the relative humidity.
Weakest point of the presented EMPD methodology is the fact that the total exchange
surface has to be determined. For the first case this is straightforward, as the surface
areas of walls and ceiling can be summed. When dealing with interior objects like the
book racks an exact determination of ATOT is much more complicated. To investigate
the sensitivity of the simulations to the ATOT-value, two extra simulations of the second
case are performed. First the exchange surface is limited to the area of the walls and
ceiling only, neglecting the front sides of the books. Second the value is extended by
adding both the back side and top areas of the books. The values for the additional simulations are also given in Table 4. The influence on the predicted response is rather
small, as can be seen in Figure 11, comparing the original case with the two additional
simulations. It appears that it is not needed to accurately calculate the exchange area.
A rough estimate gives sufficiently reliable results, as changing the exchange surface
also affects the fitted effusivity and adjustment factor of the equivalent single buffer layer (see Table 4). This is a crucial conclusion, because it makes the presented HIR*approach easily applicable for more complicated enclosures.
CONCLUSIONS
The significance of interior humidity in attaining sustainable, durable, healthy and comfortable buildings is increasingly recognised. Ideally thus, implementation and assessment of the moisture buffering by interior enclosures should form an integrated aspect
of the building design. Interior humidity is strongly influenced by interior moisture buffering by the room enclosure: both experimental and numerical studies have comprehensively shown that application of hygroscopic interior elements substantially tempers the
peaks in interior humidity variation. Any appraisal of interior humidities hence needs a
qualitative and/or quantitative assessment of interior moisture buffering.
While the effective moisture penetration depth and effective capacitance models do allow simplified quantification, it has been argued that their reliance on the ‘moisture penetration depth’ concept necessitates comprehensive material properties and hampers
application to multimaterial interior finishes and multidimensional interior objects, often
the primary share of a room enclosure’s hygric inertia. Moreover, while enabling quantification, it has been shown that the parameters required for the EMPD and EC models
do not support qualitative assessment of interior moisture buffering by enclosures. On
the other hand recently several protocols for the simple and fast characterisation of the
moisture buffer potential of interior finishes have been proposed. The protocols based
on cyclic (de)sorption measurements were shown to exhibit greatest potential but were
also shown not dependable for the possible range of real moisture production regimes.
Their superposition toward a room-enclosure moisture buffer potential, while presented
in literature, had moreover not been corroborated yet.
In response to these flaws in the current quantitative and qualitative assessment of interior moisture buffering, this paper introduced the production-adaptive characterisation
of the moisture buffer potential of interior elements and corroborated their superposition
to a room-enclosure moisture buffer potential. This room-enclosure moisture buffer po-
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tential was in the end shown to support quantification via the EMPD and EC models. In
short, this paper introduced a methodology for qualitative and quantitative assessments
of interior moisture buffering by enclosure, based on simple and fast measurements only and applicable to both interior finishes and objects. This paper thus presented a missing link between currently available approaches for characterisation and quantification
of interior moisture buffering, greatly facilitating the appraisal of interior humidity.
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APPENDIX 1: MATERIAL PROPERTIES
Seven different building materials, at thicknesses of 1 cm and 10 cm, are used as finish
in this study: wood fibreboard (WFB) [37], plywood (PW) [37], gypsum plaster (GP) [38],
aerated cellular concrete (ACC) [39], cellulose insulation (CI) [39], flax insulation (FI)
[39] and perlite insulation (PI) [39]. For use of the measured data in simulations, the
sorption isotherms and vapour resistance factors are described by analytic functions of
the form:
(20)
n (1n ) n
w w sat 1   m. ln()





1
a  be c



(21)

with  (-) the RH and wsat, m, n and a, b and c parameters . The analytic fit parameters
are given in Table 5, with in addition the moisture capacity, vapour permeability, 1/e penetration depth for daily cycles, moisture effusivity at 50% RH and 20 ºC, and the MBVvalues.
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TABLE CAPTIONS
1. Synthesis of the different cyclic (de)sorption MBP characterisation protocols.
2. HIR-values and corresponding multiplication factors M applicable in the effective capacitance model for a room of 90 m², finished and furnished with different
materials.
3. Applied areas (lengths) and MBV-values of the hygric buffering elements in the
practical example of the library.
4. HIR*-values of the library and the corresponding equivalent effusivity and thickness adjustment factor for case 1 (taking into account only walls and ceiling)
and case 2 (considering walls, ceiling and book shelves). For the last case also
the values are given when considering a different exchange surface.
5. Analytic fit and material parameters for the seven materials.
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TABLE 1

RH levels
high / low (%)
53 / 33
75 / 53
93 / 75
53 / 33
75 / 53
93 / 75
75 / 33

JIS A 1470-1

DIS 24353
Nordtest

time intervals
high / low (h)

surface transfer
coefficient (s/m)

sample thickness

24 / 24

2.1·10-8

as applied
in practice

12 / 12

2.1·10-8

as applied
in practice

8 / 16

sufficiently high

sufficiently thick

The indication ‘sufficiently high’ for the NT surface mass transfer coefficient is actually
formulated as ‘a surface transfer resistance that is negligibly small’ [19].

TABLE 2

Interior buffering elements
0. none
1. walls in AAC
total surface area: 66m²

HIR (g/m³/%RH)
HIR1h
HIR8h
0
0

=0
1

M (-)
=0.5
1

=1.0
1

0.198

0.594

2.15

3.29

4.44

0.291

0.737

2.69

3.98

5.27

0.379

0.932

3.19

4.80

6.40

0.420

1.267

3.43

5.88

8.34

0.397

1.359

3.30

6.09

8.87

0.799

2.199

5.63

9.68

13.74

1.196

3.558

7.93

14.77

21.61

2. idem as 1. + gypsum plaster at ceiling
1cm gypsum plaster applied at 30 m²

3. idem as 1. + acoustical ceiling
3 cm wood fibre board applied at 30 m²

4. only woollen carpet
applied at floor (30 m²)

5. only book shelf
one wall, in total 50 m book shelf

6. combining 3 and 4
walls in AAC, acoustical ceiling, woollen carpet

7. combining 3, 4 and 5
idem as 6. + wooden book shelf

TABLE 3

buffering element
acoustical ceiling

Area (m²) or
length (m)
210

MBV(’)8h
(kg/m(²)/%RH)
1.85

MBV(’)1h
(kg/m(²)/%RH)
0.52

172

0.43

0.28

720

2.45

0.72

3 cm wood fibre board

walls
1cm gypsum plaster

book racks
24 racks of 5x1.8 m², each with 6 shelves
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TABLE 4

HIR1h (g/m³/%RH)
HIR8h (g/m³/%RH)
HIR* (g/m³/%RH)
M (-)
ATOT(m²)
MBVeq,1h (g/m²/%RH)
MBVeq,8h (g/m²/%RH)
beq
aeq

Case 1
0.187
0.551
0.551
4.19
382
0.41
1.21
3.28e-7
1.13

Case 2
0.800
2.647
2.647
16.33
598
1.12
3.72
1.92e-6
0.54

Case 2’
0.800
2.647
2.647
16.33
382
1.76
5.82
1.22e-5
0.14

Case 2’’
0.800
2.647
2.647
16.33
778
0.86
2.86
1.02e-6
0.82

TABLE 5

WFB
PW
GP
Sorption isotherm (kg/m³)
wsat
150.0
200.0
30.4
m
91.4
80.6
69.5
n
1.416
1.337
1.800
Vapour resistance factor (-)
a
7.5·10-2 5.0·10-3 2.4·10-1
b
2.2·10-3 3.4·10-6
c
5.00
10.8
-3
moisture capacity (10 kg/(m³·Pa))
13.7
21.4
1.36
-11
vapour permeability (10 kg/(m·s·Pa))
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FIGURE CAPTIONS
1. MBV(‘) characterisation of woollen carpet, of cork board and of a one meter long
wooden book shelf with books.
2. Time evolution of the measured relative humidity in the different rooms of a social dwelling in Nieuwpoort, Belgium, from February 12 (12 am) until February
15 2004 (12 am) [35].
3. Relations between MBV8h and interior RH amplitude from moisture buffering simulations under long, short, peak moisture production regime, under academic
conditions (top), and under realistic conditions (bottom).
4. Determination of MBV1h/8h for 1 cm and 10 cm gypsum plaster. RH levels 75 /
33 % RH, surface mass transfer coefficient 2.0·10-8 m/s, time intervals 8 / 16 h.
5. Interior RH amplitude from moisture buffering simulations under academic (top)
and realistic (bottom) conditions and long, short, peak production regime in function of MBV* for the 15 elements considered.
6. Relation between HIR* and interior RH amplitude from moisture buffering simulations for the original cases, for cases with different surface areas and for
cases with combinations of claddings.
7. Comparison of the interior RH-courses predicted with full numerical (full black
line), effective moisture penetration depth (full grey line) and effective capacitance model (dashed grey line) for the room of 90 m³, finished with 30 m² of
WFB in combination with 30 m² of PW under academic ventilation conditions for
long (top), short (middle) and peak (bottom) moisture production regimes.
8. Comparison of the interior RH-courses predicted with full numerical (full black
line), effective moisture penetration depth (full grey line) and effective capacitance model (dashed grey line) for the room of 90 m³, finished with 30 m² of
WFB in combination with 30 m² of PW under real ventilation conditions for long
(top), short (middle) and peak (bottom) moisture production regimes.
9. Plan view of the library.
10. Comparison of the interior RH-courses predicted with the EMPD model (continuous line) and the EC model (dashed line) for case 1, taking only into account the hygric buffering of walls and ceiling and case 2, adding the book
shelves as interior buffer elements. As a reference also the response of the library when only hygric buffering by the indoor air is taken into account is given.
11. Sensitivity study of the EMPD model to the exchange surface ATOT in Eq.(14).
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FIGURE 2
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6

interior RH amplitude (-)
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FIGURE 7
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FIGURE 8
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FIGURE 9
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FIGURE 10
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FIGURE 11
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