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ABSTRACT

Passive moisture buffering can stabilize indoor microclimates and reduce cooling energy use, yet reliable prediction across scales remains chal-
lenging. This study presents a simplified characterization-to-modeling workflow that links laboratory measurements to room-scale performance.
Step-response tests in a dynamic vapour sorption (DVS) analyzer were interpreted with a Fickian diffusion model fitted via root-mean-square error
minimization, yielding effective moisture diffusivities of D ~1.84 x 10~® m?s™! for the lime plaster and D ~1.17 x 10~° m? ! for a plaster
containing 20 % calcium alginate beads. Vapour-resistance factor functions derived from these fits and from sorption isotherms were validated
against NORDTEST MBV dynamic measurements, with the best agreement for both mass change (Am) and MBV at a surface resistance of 0.1
m?KW™! (errors: 0.67 % lime; 1.59 % alginate). Year-long building simulations then quantified room-scale impacts: the alginate-enhanced plaster
attenuated indoor RH fluctuations more effectively than lime, with attenuation factors spanning from 0.2 to 0.8 depending on the moment of the
year and the simulated scenario. Energy analyses showed substantial reductions in latent cooling (up to ~100 % in scenarios with wider indoor
relative humidity control band) and up to 11.2 % lower total cooling energy versus lime, with similar sensible loads. The results demonstrate a
practical, scalable pathway from material properties to performance, and highlight alginate-enhanced plasters as promising passive components for
humidity stabilization and energy-efficient building design and retrofits.

1. Introduction

Hygroscopic building materials interact with ambient air humidity, increasing their water content under humid conditions and
reducing it when the air is dry. When the materials can adsorb high moisture contents at ideal environmental conditions, they can
passively dampen the effect of high moisture loads in indoor environments (moisture buffering effect). The exploitation of their
moisture buffering capacity for the passive control of indoor relative humidity (¢) is of broad interest in contexts such as indoor air
quality [1-5], mold prevention [6], the safeguard of structures [7], and the conservation of historical artifacts [8-11], where extreme
humidity fluctuations can determine building pathologies.

Considerable effort has been devoted to identifying highly hygroscopic building materials capable of regulating indoor air humidity
for the aforementioned applications. Promising results have been found for bio-based and earth-based materials [12-18] and materials
admixed or coated with sorbents [19,20].

Unfired and lime-stabilised clay composites have demonstrated strong hygroscopic behaviour and the ability to moderate indoor
RH fluctuations, with full-scale simulations in Mediterranean climates confirming reductions in humidification/dehumidification
energy by up to 20-30 % when such materials are used as interior finishes [21].

Hemp-lime plasters have been shown exhibiting good Moisture Buffer Value (MBV) ranging from 1.23 to 1.64 g/(m?%RH)
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according to the NORDTEST classification highlighting the role of hemp on overall hygrothermal performances [22].

Another study has extended moisture-buffering characterization to cellulose-based material, quantifying a excellent practical MBV
around 3 g/(m%%RH) and exploring the influence of layer thickness, vapour resistance factor i, and surface exchange conditions
through coupled experimental-numerical analyses [23].

Building on this material-scale understanding, recent modelling work has investigated moisture-buffering plasters at room and
building scale: comparisons between NORDTEST tests and single-zone simulations have clarified how ventilation rates, wall build-up,
and moisture transport through the envelope modify the effective buffering potential of clay, gypsum, and lime plasters in practice,
yielding indoor RH reductions of up to 13 % relative to non-hygroscopic finishes [24]. In addition, extensive review is found in
literature [25]. Among these sorbents, Calcium Alginate, the bio-based polymer used in this work, has one of the highest results in
terms of MBV [25].Moisture transport in porous building materials is predominantly diffusive and strongly affected by ambient ¢
fluctuations. This demands accurate knowledge of material properties to realistically reproduce moisture-material interactions under
real environmental conditions. Key properties for hygrothermal modelling typically include dry density, porosity, vapour transport
coefficient for vapour diffusion, liquid transport coefficient for capillary transport (both drying and wetting), vapour resistance factor,
sorption isotherms [26] for moisture retention, thermal conductivity, and heat capacity.

In addition to these fundamental parameters, simplified indicators are often used to describe the overall moisture-buffering
behaviour of building materials under cyclic humidity loads. Among them, the MBV and the penetration depth (3) are the most
widely adopted. According to the NORDTEST protocol [27], the practical moisture buffer value (MBVpractical) quantifies the amount of
water exchanged by a material per unit exposed area and per unit change in relative humidity during a daily humidity cycle. It is
defined as:

Am

MB Vpractical = m 1)

where Am is the mass of water adsorbed or desorbed over one 24 h cycle, A is the exposed surface area (m?), and Ag is the imposed RH
step between the high and low levels (%RH). The resulting unit is g/(m2-%RH), and the value can be classified according to the
NORDTEST categories from limited (<0.5 g/ (m?%RH)) to excellent (>2 g/(m2~%RH)) buffering performance.

The penetration depth (8) represents the characteristic thickness within which moisture can penetrate inside a material for given
variations in moisture content in a defined time frame, typically set at 24 h to represent daily fluctuations in buildings [27].

With a full hygrothermal characterization and an extensive knowledge of the environmental conditions it is possible to perform
detailed numerical simulations considering effects of ventilation, interaction with other wall components, and additional factors not
accounted for in laboratory tests. These simulations can be performed with commercially available software based on coupled heat and
moisture transfer models originally developed to perform one dimensional moisture related damage risk analyses on single walls (e.g.
WUFI® Pro [2,14,28-37], Delphin [38]). Some of these models were then included in whole building modeling tools, enabling to
perform dynamic simulations of the interactions between the walls and air.

Some of the software tools are WUFI® Plus [2,14,28-37], TRNSYS [1,3,39], EnergyPlus (using the HAMT - Heat Air Moisture
Transfer wall model). These tools allow to compare different wall build ups in different scenarios, making it possible to estimate the
moisture content and temperature of the materials, of the air in every thermal zone, and consequently the minimum material layer
thickness necessary to obtain a sufficient moisture buffering effect [30,31,40-42]. Moreover, it is possible to estimate thermal energy
demands of the zones, identifying potential energy savings.

The two main limitations of these methods are the lack of a comprehensive and reliable dataset of moisture buffering properties for
both historical and commercial materials—since available databases often rely on interpolated or simplified values—and the time
required to set up and perform the simulations.

Several standardized methods (summarized in Table 1, while detailed information is reported in supplementary material A1) exist
to characterize the hygrothermal behaviour of building materials, providing essential input data for simulations or indication on the
expected performance. Gravimetric tests (ISO 12570 [43], ASTM C1498 [44]) and sorption isotherm measurements (ISO 12571 [45])
yield equilibrium properties but fail to capture dynamic moisture exchange. Vapour transmission tests (ISO 12572 [46]) provide
information on permeability, yet often assume constant values across the moisture content range. Dynamic methods such as the
NORDTEST protocol [27] are more representative, as they evaluate the moisture buffering value under cyclic humidity variations and
could be used to select materials without simulations. ASTM E3054/E3054M [47] further emphasizes the importance of complete and

Table 1
Standards focused on measuring hygrothermal properties under static or dynamic testing conditions.
Reference Number Name Scale
ISO 12570 [48] Hygrothermal performance of building materials and products Material
Determination of moisture content by drying at elevated temperature
ISO 12571:2021 [45] Hygrothermal performance of building materials and products Material
Determination of hygroscopic sorption properties
ISO 12572:2016 [46] Hygrothermal performance of building materials and products Material
Determination of water vapour transmission properties — Cup method
NORDTEST [27] Moisture Buffering of Building Materials Material/
component

ASTM E3054/E3054M-23 [47]  Characterization and Use of Hygrothermal Models for Moisture Control Design in Building Envelopes  Building simulations



astm:E3054
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consistent property documentation for hygrothermal modelling. While these standards offer valuable frameworks, they do not fully
address the moisture content dependent nature of vapour diffusivity.

Permeability, for example, is often treated as a constant [42,49-54]. While this simplification introduces limited errors for con-
ventional cement or lime-based materials (because the affinity with moisture is weak) it becomes problematic for highly hygroscopic
materials. By definition, permeability is inherently linked to diffusivity in Fickian transport, which depends on the material's moisture
content (C). Moisture diffusivity (D) may exhibit either linear (D(C) = ap+a;.C) or exponential (D(C) = Doe‘ﬁc) dependence on water
content [55,56].

In this study, a methodology is proposed to derive the vapour diffusivity coefficient from the profile of the dynamic moisture uptake
measurements used for the vapour sorption isotherm, obtained at constant temperature and stepwise ¢ variations. This modelling
framework builds upon experimental data previously obtained for the same samples in Gentile et al. [25], ensuring continuity between
laboratory characterization and model-based validation. By combining diffusive transport modelling and sorption equilibrium
isotherm, the vapour resistance factor (u) is evaluated as a function of equilibrium ¢ (and therefore of the equilibrium moisture
content). The resulting properties are used as input for material-level dynamic simulations using the coupled heat and moisture
transfer tool WUFI® Pro, to validate the model comparing the dynamic moisture uptake measured during the moisture buffering test
procedurefollowing the NORDTEST protocol.

This approach is applied to a newly developed hygroscopic plaster made by combining alginate-based aggregates with conven-
tional lime plaster, and to a reference lime plaster used as baseline. The validated material properties are then implemented into room
scale simulations defined WUFI® Plus to evaluate the material's ability to passively regulate indoor humidity under realistic boundary
conditions. The simulations of an office room with alginate plaster interior finishing are carried out and compared with those using
conventional lime plaster, with a focus on humidity regulation performance, potential energy-saving for indoor climate control [4,
54-56] and impact on occupants' thermal comfort [4,57].

Although several studies have investigated the hygrothermal behavior of bio-based and mineral plasters [4,57-59], few have
provided a unified workflow that connects experimental sorption characterisation, parameter derivation, and validation across
multiples scales. In particular, the propagation of experimentally derivated hygroscopic parameters — such as p(¢) — into dynamic
building simulations remain limited, often relying on assumed or constant values that overlook their dependence on relative humidity.

The present work addresses this gap by proposing and validating a multiscale framework that links laboratory characterisation,
model calibration, and room-scale performance analysis. Specifically, the study aims to:

(i) establish a consistent procedure for deriving and validating p(¢) function from DVS and NORDTEST data;
(ii) verify the ability of the derived parameters to reproduce experimentally observed moisture buffering behaviour;
(iii) quantify the impact of alginate-based plaster on indoor RH stability and cooling energy demand relative to conventional lime
plaster.

2. Methodology

In this study, we formulate a methodology to estimate material properties from the experimental data to correctly model an
innovative plaster based on composite lime/alginate at the room scale. Following the experimental investigation presented in Gentile
et al. [25], where the plaster formulations were formulated and characterized, the present work applies a numerical modelling
framework to assess the hygrothermal performance of an innovative plaster compared to a conventional one.

The materials under analysis are two of the plasters previously developed [25] Specifically, two of them have been selected: (i) a
reference lime-based mortar, hereafter referred to as lime plaster, and (ii) a plaster with 20 wt% calcium alginate beads, previously
labelled as B02, hereafter referred to as alginate plaster.

In section 2.1 we explain how to derive diffusivity coefficients from the first experimental dataset (DATASET-1). DATASET-
1contains the adsorption isotherms of the two considered plasters obtained using the DVS Analyzer proUmid Vsorp Basic, during
the experimental campaign reported in Gentile et al. [50]. These data, previously presented and discussed in that work, provide the
basis for the present diffusion analysis. [25]. Isotherms are obtained with a 10 % step variation on ¢, from 40 % to 70 %, at constant
23 °C, both in sorption and desorption. By fitting numerical models with DATASET-1 (section 2.1.2), we defined a plaster diffusivity
coefficient as a function of air ¢. The material-level modelling progresses by validating this diffusivity function, comparing numerical
data with DATASET-2. The DATASET-2 [25] contains experimental results from moisture buffering tests operated according to the
NORDTEST protocol on the same materials, obtained during the experimental campaign reported in Ref. [50]. Finally, it ends by
transferring estimated material data into simulation models at the material scale using the WUFI® Pro software. Specifically, in section
2.1.4, we outline the derivation of a vapour resistance factor function based on the diffusivity function discussed in section 2.1. We
then validate the two materials property sets implemented in WUFI® Pro, comparing the simulated mass variation and MBV of the
samples with the ones measured. Subsequently, we conduct simulations at the room level using WUFI® Plus to assess the impact of
alginate plaster adoption on indoor ¢, comparing it against the reference one, lime plaster, using an established index. In addition to
the hygrothermal performance comparison, we also evaluated the consequent energy saving for room cooling and dehumidification
due to the application of the alginate plaster.
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2.1. Modelling at the material scale

2.1.1. Diffusive model for moisture transport at material scale

Moisture diffusion in porous building materials is classically modelled through Fick's second law, which, under the assumption of
constant diffusivity and equilibrium moisture content, admits an analytical solution (supplementary material section A2). However,
under realistic conditions where moisture content and environmental conditions vary over time, the diffusivity D(C) becomes a
function of moisture content of the hygroscopic material. Therefore, a time-dependent, nonlinear diffusion model must be solved
numerically.

oC(x,t) 0 {D 9C(x, t)}

o ox ox
dC(x,t) _
ax |0 @
Clx =+L,t) = Cyq(t)
Clx,t=0) =G,

The governing Eq. (2) in one dimension is discretized in space using a central finite difference scheme and in time using a fully
implicit (backward Euler) method. The spatial domain is divided into N,+2 nodes (including boundaries), and the temporal domain
into N+2 timesteps. The resulting system of nonlinear algebraic equations is solved iteratively, each time step, with the boundary
conditions reported in system (2). The Neumann condition with zero flux at the bottom boundary (x = 0) reflects the experimental
condition in which the sample's bottom surface is sealed (e.g., with aluminum tape in our experiment), blocking any moisture exchange
[25]. On the contrary, at the top boundary (x=N,+1=+L) a Dirichlet time-dependent condition imposes an equilibrium concentration,
Ceq(t), corresponding to the imposed ¢ step. The function C,4(t) is determined from gravimetric equilibrium mass under known ¢
conditions and remains piecewise constant over each ¢ step (e.g., 40 %, 50 %, 60 %, etc.). The initial condition reflects the mass of the
sample at the end of the preconditioning. For example, when using data coming from the NORDTEST testing protocol the initial
condition is 50 %. On the contrary, when using data from the equilibrium isotherm, the previous step equilibrium ¢ is used.

2.1.2. Fitting procedure and validation of diffusivity

To solve the nonlinear system in Eq. (1), at each time step, an implicit iterative method is employed. Specifically, the system of
nonlinear equations resulting from the discretization is solved using a root-finding algorithm, where we define a residual function F
(Ci+1) expressing the deviation from mass balance for each node. The iterative procedure is based on the Newton-like method, which
requires solving Eq. (2) for the unknow vector reported in Eq. (3).

F(c™) =0 3

Ny+1

ct+l — [Cgrl’ct;rl’ e ] 4

Given the nonlinearity introduced by D(C), the Jacobian matrix is not computed explicitly. Instead, the modified Powell's hybrid
method is used, that combines the robustness of the Newton method with global convergence properties of trust-region strategies [60].
This approach ensures stability of the numerical solution, especially under steep ¢ gradients, while avoiding divergence in the presence
of strong nonlinearity in D(C). The system in Eq. (2) is then discretized and numerically solved with Eq. (5).

aD(C)
ac

j+1

4 h2

ai® - 2cric + o) N (o -
o g (G -2q1g1 + a1 (¢ (cit - 261 + ¢}
F=C' —Cf — At +
%)
FO — Cgrl _ C§+1
Py = CI[\EH — Ceq (ttH)
Where h is the spatial distance between two adjacent nodes and corresponding to h = L/(N,+1). In this study we used a functional form
of Eq. (6) for D(C), that has been proved in previous study on alginate-based polymers useful for the description of moisture mass
exchange [55,56].
D(C)=ay+a;C (6)
The parameters ap and a; are estimated by minimizing the total squared deviation, reported in Eq. (7), between simulated, C(x, t;
ap, aj), and experimental domain-averaged concentrations, Cexp(ty):

New 2

L
err(ap; a;) = Z E/ C(x, t;; ap, a1 )dx — Cexp(ti) @)
0

i=1
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The fitting procedure was applied to DATASET-1 to derive the function of the diffusivity coefficient D(C) per sample.

2.1.3. Calculation of the vapour resistance factor

In commercial software tools for the building envelope simulation, the material permeability to water vapour is described by the u
factor, the water vapour resistance factor, derived from the material water vapour permeability. In principle, the calculation of
permeability requires the knowledge of the diffusivity (D) and the solubility (S) [61]. When analyzing water vapour transport in porous
solids (as a building material can be exemplified), the solubility corresponds to the moisture capacity defined from the derivative of
material moisture content (expressed as kg/m>). Moisture capacity is expressed in kg/(m® Pa). The permeability 8y is defined and the
vapour resistance factor are defined as:

oCc

8, =5 D=7 D ©)

Spa[r Dair

wp) = =
Bomisre  Dyao(p) _%@ (10)

In a variable regime, moisture content C and diffusivity coefficient D vary with temperature and humidity. Hence, the moisture
permeability is a function of T and ¢ (or p) rather than a constant number. As function of T and ¢ (or p), the solubility is obtained by
interpolating sorption isotherms with a 3rd degree polynomial equation with a fixed point at 0 kg/m? for 0 Pa (Eq. (11)).

Cp)=a-pP+b-p>+c-p (11)

The materials data used for the polynomial interpolation of the isotherm and of the u(¢) are reported in supplementary material A4.
In this study, we used only one isotherm at 23 °C, as the applications of the materials are at room temperature between 20 °C and 25 °C.
This aspect also represents a main limitation of available simulation tools, because they accept only one isotherm (usually at 23 °C)
instead of a family of curves.

2.1.4. Validation of moisture buffer behaviour on WUFI® Pro

Based on the previously derived u(¢) and other geometric and thermophysical specifications reported in Table 2, the two samples
have been modelled in WUFI® Pro, a one-dimension transient heat and moisture calculation software which is able to determine the
hygrothermal performances of building components under real climate conditions. The objective is to replicate the NORDTEST pro-
tocol conditions within the software to validate the materials by comparing the measured data of mass variation during the cycles with
the simulated results. Upon successful validation, the materials were implemented in WUFI® Plus to simulate a case study of an indoor
environment and assess their ability to passively control indoor relative humidity fluctuations, as well as their impact on the room's
energy consumption.

The first step in the simulation process involved selecting Cement Plaster (“stucco”, A-value: 0.51 kg/m?h®>) from the Fraunhofer-
IBP Mortar and Plaster folder of the WUFI database as the reference material. The A-value represents the water absorption coefficient
according to EN ISO 15148, originally defined in kg/(m?.s%. [5]) and expressed in hours in the WUFI® database for consistency with
the software's time unit. Starting from this dataset, the experimentally measured properties were modified and while the permeability
is the one obtained from the diffusivity optimization analysis described in the previous sections. The complete set of adopted properties
is reported in Table 3.

The surface heat transfer coefficients for both the inner and outer faces of the samples were carefully defined to represent realistic
moisture and heat exchange conditions. In WUFI® Pro, moisture transport is treated analogously to heat transfer, so these coefficients
were fine-tuned to simulate various indoor environments, accounting for convective and radiative contributions. Since the lower
surface of the samples was sealed with an acrylic silicone coating and aluminum tape to prevent vapour exchange during testing, this
condition was reproduced in the model by doubling the sample thickness, thereby ensuring consistency with the experimental setup
[25]. The initial conditions in the simulation were aligned with the preconditioning phase of the experimental tests, assuming a
relative humidity of 50 % and a temperature of 23 °C. The simulation control parameters, including the calculation period and time
step, were set to reflect those adopted during the laboratory tests. The simulation was run in combined heat and moisture transfer
mode, enabling the inclusion of all relevant hygrothermal processes to accurately reproduce the dynamic response of the material.
External and internal climates were identically set based on the specific climate files, reflecting measured values from the DVS tests
used during the NORDTEST protocol [25].

The results of the simulations were thoroughly analysed and compared to the experimental data as follows:

e The measured and simulated values of mass variations Am and MBV were compared by calculating percentage errors between the
two values for each surface resistance and for each material. This approach allowed for a detailed assessment of the simulation's
accuracy in predicting the moisture behaviour of the materials under test conditions.

e The trends of measured and simulated mass variations with a surface resistance of 0.1 m?K/W were compared for each material, as
detailed in paragraph 3.1.3 and in section A4 of the Supplementary. This comparison helped assess the consistency of the simu-
lation outcomes with the hygrothermal characterization.



Table 2
Summary of inputs, boundary conditions and output for the simulation on WUFI® Pro at the material level, for all the 4 samples.

Input Boundary and initial conditions Output Post- Validation

processing

Geometry Thermophysical Hygroscopic Temperature Humidity - - -

Material Dry density (measured) Moisture Storage Function As in NORDTEST As in NORDTEST experiments - Material Mass Percentage error analysis of measured vs.
thickness Porosity (Fraunhofer-IBP (sorption isotherm measured  experiments - 7 cycles with 7 cycles of 24 h (8h ¢ = 75 %, moisture variation simulated Am and MBV to assess model
(measured) WUFI database) at 23°) 23 °C constant 16h ¢ = 33 %) content (am) accuracy

Specific Heat Capacity Water Vapour Diffusion Preconditioning at 23 °C  Preconditioning at 50 % for 15 MBV Trends comparison of Am measured and
(Fraunhofer-IBP WUFI Resistance factor moisture for 15 days days simulated simulated for validation. Overlay of measured

database)

Thermal conductivity
(measured)
Interior/Exterior surface
heat resistance (0.1, 0.13,
0.15, 0.20, 0.22)

dependent (extracted from
data + fitting)

and simulated Am trends to validate agreement
with experimental data.

Dispersion analysis of measured vs. simulated
Am to assess model reliability

‘D 30 [UUPH ‘A

€86+ 11 (920Z) 811 Sunpauiduy Suippng fo [pwmnor
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Table 3
Material properties used as inputs to model the behaviour of the two plasters.
Geometry Lime plaster Alginate plaster
Material tickness [m] (measured x 2) [25] 0.0278 0.0272
Thermophysical
Dry density [kg/m3] (measured) [25] 1761 1611
Porosity [m3/m3] (Fraunhofer-IBP WUFI database) 0.3 0.3
Spec. Heat Capacity [J/kgK] (Fraunhofer-IBP WUFI database) 850 850
Thermal conductivity [W/mK] (measured) [25] 0.408 0.632
Hygroscopic
Water Vapour Diffusion Resistance Factor [—] (calculated by the value of p-value vs ¢) [section A4 supplementary] 4.76 6.14
Water content [kg/m°®] vs ¢ [%] (measured) [25] [section A4 supplementary] w(0.40) = 4.52 w(0.40) = 57.07

w(0.45) = 4.67 w(0.45) = 71.11
w(0.50) = 5.14 w(0.50) = 87.14
w(0.55) = 5.70 w(0.55) = 99.19
w(0.60) = 5.95 w(0.60) = 113.99
w(0.65) = 6.73 w(0.65) = 131.70
w(0.70) = 7.30 w(0.70) = 149.53
w(0.75) = 7.75 w(0.75) = 168.64

e The differences in mass change Am measured and simulated with a surface resistance of 0.1 m?K/W were compared for each test
cycle and for each material. This analysis, also detailed in the supplementary materials (section A4), was used to evaluate the data
dispersion relative to bisector in the measured vs. simulated graphs, providing insights into the accuracy of the simulation model.

This validation step was crucial to ensure that the model reliably represented the material behaviour under varying hygrothermal
conditions.

Following the successful validation, the verified material properties and models were transferred to WUFI® Plus for further
simulation at the room scale. This included simulating the effects of the validated materials on indoor climate control and energy
efficiency in a case study building, providing insights into their practical implications in real-world applications.

2.2. Modelling at room scale

To evaluate the impact of the different plasters on the building cooling and dehumidification demand, the validated material
properties of the plasters were used as input data to perform building-level simulations of an office room. The software used is WUFI®
Plus, that integrates the heat and moisture transfer wall model of WUFI® Pro in a whole building model [62].

The case study considered is a living-lab, TEBE L?AB, with a floor surface of 10 m? with south-west exposure, located in Politecnico
di Torino in Turin, Italy (45°04'45"N 7°40'34"E). The real shape of the room is described in Fig. 1.

This space was chosen in particular because it replicates an actual experimental setting created as part of the Horizon 2020

b) Surfaces covered with lime/alginate plaster:

2.08 m

window height

1.08 m

Y

Fig. 1. Case study: a) Axonometric view of the simulated office room, b) Surfaces covered with lime plaster/alginate plaster in different simula-
tion scenarios.
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European project "Iclimabuilt" [63]. It is a focal point for ongoing tests and future research on the moisture buffering capacity of highly
hygroscopic components in a controlled setting [64].

The lime plaster and the alginate plaster are used alternatively as the internal layers in the multi-layer wall/ceiling assemblies
(Table 4) within a standard office room covering an exposed surface of 43 m?. These simulations are conducted under typical oper-
ational conditions that reflect a common office occupancy pattern with two occupants, 5/7 days present.

In the model, all room surfaces (walls, floor, ceiling) except the external wall were modelled with adiabatic boundary conditions, as
adjoint to thermal zones with the same internal conditions. Heat and moisture gains due to occupancy were approximated using
standard values from the WUFI® Plus database—specifically, 156 W and 162 g/h for two adults performing office/typing work, based
on guidelines from ASHRAE 55 [65] and IEA Annex 41 [66]. The infiltration rate was set as 0.50 Air Changes per Hour (ACH) (UNI EN
16798-1:2019 [67]).

For the boundary conditions, the climate file for Turin from the WUFI database was selected to reflect local environmental con-
ditions. Various indoor climate control scenarios were modelled using an ideal HVAC system for heating, cooling, humidification, and
dehumidification. These scenarios are detailed in Table 5 under the "Indoor control" section, outlining the comprehensive strategy for
the hygrothermal simulation of the office.

To obtain a full year accurate result, independent of the initial conditions, the model simulated five consecutive years. The data for
each year was overlapped, and the data from the year that was identical to the previous one, was selected for analysis and post-
processing.

Results from the simulations were post-processed and analysed to determine: i) Attenuation of relative humidity fluctuations; ii)
Dehumidification and cooling energy demand.

i) Attenuation of relative humidity fluctuations.

This analysis focused on evaluating the ability of the enhanced alginate plaster to damp internal humidity fluctuations compared to
the reference lime plaster. The effectiveness of alginate plaster in stabilizing indoor humidity fluctuations was quantified by the
attenuation factor f,,, calculated as follows Eq. (11):

ﬁp -1_ ({ﬂmax - q)min)alginate plaster (1 1)

(q}mu.x - (pmin)lime plaster

where gmax and @i refer to the maximum and minimum recorded daily relative humidity levels for lime plaster and alginate plaster

Table 4
Material properties applied in the numerical modelling of the case study.
Partition/stratigraphy Vapour diffusion resistance factor ~ Thermal conductivity [W/ Specific heat capacity [J/ Density [kg/
[-1 mK] kgK] m®
External wall (Ry; = 0.13 m®K/W; Ry, = 0.04 m?K/W)
Solid Brick ARB - 12 cm 10 0.695 861 1807
Air Layer - 12 0.11 0.723 1000 1.3
Aerated Clay Brick — 25 cm 4 0.12 850 672
Interior Plaster (Gypsum Plaster) - 2 cm 8.3 0.2 850 850
Internal wall (Ry; = 0.13 m?K/W)
Interior Plaster (Gypsum Plaster) — 1 cm 8.3 0.2 850 850
Gypsum Board - 1.25 cm 6.8 0.193 732 1384
Mineral Insulation Board — 7 cm 3.4 0.043 850 115
Gypsum Board - 1.25 cm 6.8 0.193 732 1384
+ lime plaster/alginate plaster (20 %) —
2 cm
Floor (R;; = 0.17 m*K/W; Ry, = 0.04 m?K/W)
Granite — 1.5 cm 54 1.66 702 2453
Cement Plaster — 2 cm 25 1.2 850 2000
Concrete Screed, mid layer — 2 cm 69 1.6 850 1970
Brick H - 26 cm 14 0.955 860 1891
Interior Plaster (Gypsum Plaster) — 2 cm 8.3 0.2 850 850

Roof (R = 0.1 m*K/W; Ry, = 0.04 m?K/W)
+ lime plaster/alginate plaster (20 %) —

2 cm
Interior plaster (Gypsum plaster) — 2 cm 8.3 0.2 850 850
Brick H - 26 cm 14 0.955 860 1891
Concrete Screed, mid layer — 2 cm 69 1.6 850 1970
Cement Plaster — 2 cm 25 1.2 850 2000
Granite — 1.5 cm 54 1.66 702 2453
Door (Ry; = 0.13 m*K/W)
Eastern White Cedar 16515 0.091 750 360
Window (R;; = 0.13 m*K/W; Ry, = 0.04 m*K/W)
U-value = 1.91 W/m?K Frame factor = 0.7 Solar energy transmittance hemispherical (g-value): 0.30
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Summary of inputs, boundary condition and output for the simulation on WUFI® Plus at the building level, for only 1 sample.

Input Output Post-processing
Material Building Indoor control Outdoor - -
e same as o localization (Turin) Case 1: temperature control e Turin from e T Outdoor [°C] e Attenuation of ¢ fluctuations:
in and orientation between 20 °C and 26 °C during WUFI® calculation of f,, (comparison with
Table 3 (South-West) as the the working hours (8-18) and Plus reference sample)
living-lab between 15 °C and 30 °C during database e Dehumidification loads and

wall stratigraphy
according to
material inputs and
living lab

size of opaque and
transparent surfaces

occupancy schedule
(Mon-Fri, h:8-18)

internal loads (2
adults, office -
typing [65,66])
ventilation due to
only infiltration 0.5
1/h [67]

HVAC ideal: several
cases of indoor
temperature and
relative humidity
control

the rest of the day (18-8)
e Case 1.1: no ¢ control

Case 1.2: ¢ control between 40
% and 60 % during the working
hours (8-18) and left
uncontrolled during the
remaining hours (18-8).

Case 1.3: ¢ control between 30
% and 70 % during the working
hours (8-18) and left
uncontrolled during the
remaining hours (18-8).

Case 2:

heating season (from 01/01 to
15/04 and from 15/10 to 31/
12): temperature set at 20 °C
during working hours (8-18),
fluctuating between 15 and

30 °C during the rest of the day
(18-8);

- cooling season (from 16/04to
14/10): temperature set at

26 °C C during working hours
(8-18), fluctuating between 15
and 30 °C during the rest of the
day (18-8).

Case 2.1: no ¢ control

Case 2.2: ¢ control between 40
% and 60 % during the working
hours (8-18) and left
uncontrolled during the
remaining hours (18-8).

Case 2.3: ¢ control between 30
% and 70 % during the working
hours (8-18) and left
uncontrolled during the
remaining hours (18-8).

e T Indoor [°C]

e ¢ Outdoor [%]

e ¢ Indoor [%]

e Humidification
load [kg/h]

e Dehumidification
load [kg/h]

e Cooling power
[kw]

cooling energy demand:
calculation of annual latent and
sensible cooling demand (kWh/mz,
kWh/m®). Assessment of the
percentage reduction in energy
consumption compared to lime
plaster.

e Indoor ¢ cumulative frequencies:
% of hours with ¢ within the
comfort interval (comparison with
the reference sample)

respectively. The f,-factor is a dimensionless index that can assume values lower than or equal to 1. Positive values indicate atten-
uation of indoor relative humidity fluctuations by the alginate plaster, while negative values would correspond to amplification, i.e.,
humidity fluctuations in the case with alginate plaster than in the lime plaster one. The f,-factor thus quantifies the reduction in the
range of relative humidity fluctuations, indicating the enhanced plaster's effectiveness compared to the reference lime plaster. A higher
f, factor signifies a greater capability of the alginate enhanced plaster to stabilize humidity fluctuations within the environment.

ii) Dehumidification and cooling energy demand.

The impact of alginate plasters on the room's energy demand was evaluated by analyzing both latent and sensible components of
the annual cooling demand under selected indoor climate control strategies. The analysis considered all simulated cases (Cases 1.1 to
2.3, as detailed in Table 5). However, dehumidification loads were present only in Cases 1.2, 1.3, 2.2, and 2.3, where relative humidity
control was imposed. In contrast, in Cases 1.1 and 2.1, where no ¢ control was applied, only the sensible cooling demand was
considered.

The latent cooling demand was extracted from WUFI® Plus as the dehumidification load, expressed as the amount of water
removed from indoor air [kg], and then converted into energy [kWh] using the latent heat of vaporization of water (~2250 kJ/kg at
room temperature). The sensible cooling demand [kWh], on the other hand, was directly obtained from WUFI® Plus as the hourly
integral of “Cooling Power” [kW], representing the energy required to maintain indoor air temperature within the setpoint range. The
total annual cooling demand for each case was calculated by summing the latent and sensible components.
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To evaluate the effectiveness of alginate plasters, relative savings in both latent cooling demand and total cooling demand were
calculated with respect to the lime plaster configuration within each case. The share of latent over the total cooling was also computed.
This evaluation highlights the potential of moisture-buffering plasters to reduce latent loads and overall cooling energy demand,
supporting the development of efficient passive strategies for indoor environmental control.

3. Results and discussion
3.1. Fitting diffusivity model with DATASET-1

Fig. 2a and b report the moisture content evolution of the super hygroscopic plaster obtained by mixing a conventional lime plaster
with 20 % of alginate beads (hereafter defined as “alginate plaster”) during stepwise ¢ variations, showing adsorption (increase) and
desorption (decrease), respectively. The mass measures have different durations as they were measured until the equilibrium is
reached with the criterion of mass variations lower than 0.01 % for more than 300 min. Experimental data from DVS are compared
with model predictions obtained through Eq. (1) after the iterative optimization described in Section 2.1.2. A good agreement is
observed, with the two trends largely overlapping. This is further quantified in Fig. 2c, which presents the distribution of the relative
error for each ¢ step in both the lime plaster (blue) and alginate (green) plasters. In most cases, the median relative error falls within
+2 %, while only a limited number of outliers for the lime plaster extend toward +5 %. These deviations are attributed to truncation
errors at very low moisture contents, since lime plaster exhibits a moisture uptake two orders of magnitude smaller than alginate at the
same ¢ step (as shown in Fig. 4).

Fig. 3 reports the distribution of the coefficients ayp and a; that define the diffusivity function of Eq. (5) for both lime plaster and
alginate plasters. Each value obtained from the optimization algorithm of section 2.1.2 required 40-50 iterations for the residual of Eq.
(6) to reach the target tolerance of 10~’. Supplementary materials in sections A3 and A4 provide a picture of the good accuracy the
diffusion model, having fitting errors for each humidity step within +1 % of the gravimetric measurements of the DVS. The algorithm
required no more than 20 s to process 100 h of data. For both materials, the coefficient a; is several orders of magnitude smaller than
ap, implying that the diffusivity coefficient in the ¢ range of 0-70 % can be considered almost constant and approximated by ay. The
geometric mean of D reveals a marked difference between the two plasters, with lime plaster showing D~ 1.84 x 108 m%~! and
alginate D ~ 1.17 x 10~° m%s~!. Moisture transport in porous materials governed by Fick's law has a characteristic penetration depth

/ = /Dt defined over a transient of duration t[61]. Under cyclic boundary conditions with period T, the effective penetration depth is
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Fig. 2. Results of diffusion model algorithm fitting different tests on samples with alginate plasters. In a) the adsorption stage, while in b) the
desorption stage. In c) the distribution of the relative error at each humidity step is reported for both the lime plaster and the alginate plasters.
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Fig. 3. In a) the distribution of the values of coefficient a; coming from the optimization algorithm for the lime plaster and the alginate based
plaster. In b) the distribution of the same values for the coefficient a;.
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Fig. 4. In a) the sorption isotherms of lime plaster and alginate plasters. In b) the vapour resistance factor p derived from Eq. (9).

instead given by 6 = \/DT/x [27,68,69], which corresponds to the thickness of material actively involved in moisture exchange during
one cycle. Application of these relations shows that, for an 8 h step, moisture penetrates approximately 22.5 mm into lime plaster
compared to only 5.7 mm into alginate, while for daily cycles (24 h) the penetration depths are 13.0 mm and 3.3 mm, respectively. This
indicates that only the first few millimeters of alginate plaster contribute significantly to buffering during sub-daily cycles, whereas
lime plaster engages a substantially thicker layer. Nevertheless, despite its relative slower kinetics, alginate exhibits a sorption capacity
nearly two orders of magnitude higher than lime plaster at comparable RH steps (see Fig. 4). As a result, even relatively thin layers of
alginate can outperform lime plaster in terms of absolute buffering potential under realistic indoor humidity fluctuations.

11
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3.2. Extrapolation of vapour resistance functions

The application of Eq. (9) to the sorption isotherms reported in Fig. 4a leads to the vapour resistance factor curves shown in Fig. 4b,
highlighting their dependence on relative humidity. The alginate plaster exhibits consistently lower values of ; within the ¢ range
30-70 %, with a peak shifted towards lower humidity (~30 %), whereas the lime plaster reaches its maximum around 50 % ¢. The
shape of the two curves is mathematically defined by the moisture capacity obtained by the fitted functions of the sorption isotherms
and might not reflect the y values in the extrapolation relative humidity ranges. The narrower range of y for alginate indicates a more
stable vapour transport resistance across the hygroscopic interval, while the lime plaster shows a sharper peak and thus a stronger
sensitivity to ¢ variations. This behaviour reflects the higher sorption capacity of alginate, which reduces the effective resistance to
vapour flow, whereas lime plaster, with lower water uptake, translates small variations in sorption into pronounced changes in 4. From
a practical perspective, this implies that alginate plaster ensures more uniform hygric behaviour under fluctuating indoor humidity,
whereas lime plaster may hinder vapour transport particularly around mid-range ¢ values.

Representing the moisture sorption curve with Eq. (10), the curves of the two plasters could be described using the parameters
presented in Table 6, obtained from a least square interpolation.

These values are then used to obtain the vapour resistance factor as a function of relative humidity, using equation (12):

Dair
Do - (3‘1 ~@? pZ +2b @ Psar + C)

ule) = (12)

3.3. Validation of moisture buffer behaviour on Wufi® Pro

The simulation results on WUFI® Pro were comprehensively analysed to evaluate the accuracy of the model in replicating the
material behaviour under transient hygrothermal conditions. The analysis consisted of comparing the simulated results against
measured data across a range of surface resistances.

Fig. 5 highlights the significant influence of surface resistance on the accuracy of the simulation results. As demonstrated in the bar
charts: plot (a) displays the percentage errors between the measured and simulated mass variations for the two samples across different
values of surface resistances.

The lowest errors for both Am and MBV were generally observed at a surface resistance of 0.1 m?K/W, with values of 0.67 % for
lime plaster and 1.59 % for alginate plaster. This confirms that 0.1 m2K/W offers the best overall agreement between measured and
simulated values. Plot (b) mirrors the first one in its structure, presenting percentage errors between measured and simulated MBV
values, derived from the moisture content simulated data under different surface resistances. However, for the lime plaster, MBV
prediction was more accurate at 0.13 m?K/W, indicating a potential material-specific sensitivity to boundary conditions. This vari-
ability highlights the importance of carefully calibrating surface resistances based on the material's hygrothermal properties, to ensure
robust and accurate simulation outcomes.

Fig. 6 further investigates the performance of the model for the alginate plaster using a surface resistance of 0.1 m?K/W. This
analysis is crucial for assessing the model's ability to accurately predict changes in moisture buffer behaviour within the material under
test conditions. Specifically, subplot (a) reveals a strong correlation between the experimental and simulated mass changes, confirming
the model's capability to capture dynamic moisture interactions. Subplots (b) provides an additional examination of the mass changes
by plotting measured vs. simulated mass variations for cycles 2 to 7 (Fig. 6). The dispersion of data points relative to the graph bisector
reflects the simulation's precision with different cycles of the testing protocol. In particular, the tight clustering of data points around
the bisector indicates a high level of accuracy across repeated sorption-desorption cycles.

The comprehensive hygrothermal characterization of samples was crucial for deriving diffusivity and the water vapour diffusion
resistance factor and establishing a fundamental dataset for accurate simulations. In addition, these results highlight the relevance of
the assumption of the surface resistance coefficient to improve simulation accuracy across different plasters. This rigorous validation of
two materials, further detailed in section A4 of the Supplementary, confirms the validity of this approach. This result has enabled the
implementation of the estimated materials properties in a room-scale simulation model on WUFI® Plus, facilitating future assessments
of their impact on indoor humidity stabilization and energy performance at the room level.

3.4. Modelling plaster influence at the room scale with WUFI® plus

This section presents the results of room-scale simulations evaluating the influence of plaster type on indoor ¢. The performance of
alginate and lime plasters is compared under two temperature control scenarios (as summarized in Table 5). Temperature control in
selections of Case 1.x kept indoor temperature between 20 °C and 26 °C during the working hours (8-18) and between 15 °C and 30 °C

Table 6
Interpolating coefficients for the vapour resistance factor of the lime and alginate plasters based on Eq. (10), as a function of the vapour
pressure.
a b c
Lime plaster 1.4351 - 107° —5.5729 - 107° 8.8420 - 1072
Alginate plaster 1.9634 - 1078 —-5.1396 - 10°° 8.9313-1072

12
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Fig. 5. Bar graph of percentage errors between measured values and simulated ones for different surface resistances and for the two samples: a)
Mass Variation Analysis (Am) b) MBV Analysis.
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Fig. 6. a) Comparison of measured and simulated mass variations for the alginate plaster with a surface resistance of 0.1 m?K/W b) Measured vs.
simulated graph for mass variation of alginate plaster sample excluding the first cycle of the testing protocol, with a surface resistance of 0.1 m?K/W.

during the rest of the day (18-8) without seasonal differences. On the contrary, temperature control in selections of Case 2.x followed a
seasonal strategy. During heating season (from 01/01 to 15/04 and from 15/10 to 31/12) temperature is set at 20 °C during working
hours (8-18), fluctuating between 15 and 30 °C during the rest of the day (18-8). While during the cooling season (from 01/01 to 15/04
and from 15/10 to 31/12) the temperature is set at 26 °C during working hours (8-18), fluctuating between 15 and 30 °C during the
rest of the day (18-8). In each of the scenarios of temperature control, humidity was managed in free-running conditions (Case x.1), and
with active humidity control (Cases x.2 and x.3). The aim is to quantify the enhanced capability of alginate plaster to passively regulate
¢ and to assess its impact on energy demand, particularly for cooling and dehumidification. Two types of analyses were carried out: i)
the attenuation of indoor humidity fluctuations provided by alginate plaster compared with the reference lime plaster, and ii) the
evaluation of dehumidification loads and the associated cooling energy consumption in both cases.

3.4.1. Attenuation of indoor humidity fluctuations

The overall effects in indoor ¢ fluctuations with the alginate plasters are shown in Fig. 7, where yearly trend of indoor ¢ are
depicted for both plaster configuration against the outdoor ¢, for the Case 2.1, in which the temperature is controlled during the
working hours and kept steady at 20 °C during the heating period and at 26 °C for the rest of the year, with no active control on ¢. In
Fig. 7a the ability of the alginate plaster to buffer humidity oscillations is qualitatively evident. Indeed, indoor ¢ varies from 30 % to 70
% with alginate plaster, while it fluctuates between 28 % and 90 % with lime plaster. Fig. 7b shows that the maximum indoor ¢
obtained with the alginate plaster is generally lower than with lime plaster, whereas Fig. 7c indicates that the minimum ¢ over the year
is consistently higher with alginate.

These results indicate a clear smoothing of the annual indoor humidity profile, with ¢ values more frequently confined within the
desirable 40-60 % range (appropriate for acceptable indoor air quality in buildings). This effect is clearly illustrated in Fig. 8, which
reports the cumulative frequency of ¢ values for the cases without active humidity control by the HVAC system (Cases 1.1 and 2.1). The
alginate curves exhibit an S-shape distribution that is more compact compared to lime plaster, cutting out 30 % of yearly hours where ¢
is lower than 40 % and higher than 60 %. However, because the cumulative sorting procedure removes seasonal distinctions for the
same ¢ values, the graph does not reveal pronounced differences between the two cases, even though seasonal variations in

13
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Fig. 8. Cumulative frequency functions of the relative humidity inside the simulated room with and without alginates, compared to the external air
for the scenario Case 1.1 (¢ uncontrolled, T controlled with constant setpoint) and Case 2.1 (¢ uncontrolled, and T controlled with seasonal variation
of set point).

temperature control are occurring.

To emphasize seasonal differences among the simulated cases, the monthly average of the attenuation factor f, was calculated and
reported in Fig. 9, where the shaded bands indicate the monthly average deviation from the mean value. All simulated cases yielded
positive f, values throughout the year, confirming the consistent damping effect of the alginate plaster compared to the lime plaster.
No negative values were recorded, in accordance with the expected hygroscopic behaviour of the alginate plaster. In addition, the
higher the f,,, the more capable is the alginate plaster to mitigate the oscillations of ¢ compared to the lime plaster.

Fig. 9a highlights the main similarities and differences for the cases without active humidity control (Cases x.1). In particular, the
alginate plaster showed the strongest buffering effect, with higher f,, values in both cases, while some differences are particularly
evident during the transitional periods of March-April and September-November. Likely, this is because the constant indoor
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Fig. 9. Annual trend of attenuation factor f,, in the six simulated cases.

temperature setpoint reduces temperature-driven ¢ swings, allowing the plaster's contribution to stand out. When ¢ control is active
(Cases 1.2, 1.3, 2.2, 2.3), the HVAC system already limits ¢ variations, so the plaster has a lower impact. However, comparable de-
viations are also observed in the other cases in the same March-April and September-November periods.

In general, subcases x.2 and x.3 have lower f,, values, especially in the warmer months when dehumidification is more intensive.
Furthermore, the width of the shaded area (which reflects the magnitude of fluctuations in the moisture buffering effect) increases as
the level of active ¢ control becomes more restrictive (progressively from Fig. 9b to c to Fig. 9a, corresponding to ¢ control ranges of
40-60 %, 30-70 %, and no control, respectively).

These results confirm what is commonly found also in other works [70-72], that the hygric behaviour of the high MBV materials is
strongly influenced by the indoor environmental control strategy, and its presence can be used to relax set points of the HVAC control
strategy. To further assess their impact, the following section evaluates how these materials affect dehumidification loads and related
energy consumption.

3.4.2. Dehumidification loads and cooling energy consumption

The subsequent analysis quantified the benefits offered by the application of alginate plaster in reducing the energy consumption
for both dehumidification and cooling. This evaluation refers to all simulated cases.

Fig. 10 illustrates the annual cooling demand for each case, divided into sensible and latent components. As visible in the chart, the
sensible cooling demand remains substantially similar between lime and alginate plaster configuration within the same case. However,
in some cases the demand is even slightly higher for the alginate plaster, likely due to its higher thermal conductivity (0.632 W/mK vs.
0.408 W/mK for lime plaster), corresponding to a 55 % higher thermal conductivity for the alginate plaster compared to the lime
plaster, as reported in Table 3. On the other hand, the latent cooling demand is consistently and significantly reduced when alginate
plaster is applied, particularly in Cases 1.2, 1.3, 2.2, and 2.3. In Cases 1.3 and 2.3, the latent cooling demand for the alginate plaster
case drops to nearly zero, while lime plaster still requires 15 kWh and 19 kWh, respectively. This behaviour is primarily explained by
the wider indoor humidity control band adopted in these scenarios (30-70 % ¢ during working hours), within which the alginate
plaster maintains indoor ¢ without triggering the dehumidification coil. A detailed hourly analysis for August—the month exhibiting
the highest dehumidification demand—supporting this finding is provided in the Supplementary Information (Section A5). This is also
clearly demonstrated in Table 7, where the latent cooling demand reduction compared to lime plaster reaches 100 % in Case 1.3 and
99.60 % in Case 2.3. In Cases 1.2 and 2.2, where stricter indoor humidity control was imposed in the simulations (¢ set between 40 %
and 60 %), the reductions in latent cooling demand are still significant, though not total, amounting to 63.51 % and 57.46 %,
respectively, compared to lime plaster (Table 7). As a result, the total cooling demand (sensible + latent) is generally lower when
alginate plaster is used, with maximum reductions up to 11.17 % (Case 1.2). However, this is not observed in Cases 1.1, 2.1, and 2.3,
where the total cooling demand is similar or slightly higher for alginate plaster. In Cases 1.1 and 2.1, this is attributable to the absence
of latent demands (due to no ¢ control), which makes the sensible demand—and thus the thermal properties of the plaster—the
dominant factor. In Case 2.3, although the latent component is nearly zero, the total demand slightly increases (574 kWh for alginate
plaster vs. 568 kWh for lime plaster), with a negligible percentage difference of only 0.94 %, again due to the higher thermal con-
ductivity of the alginate plaster. These values are comparable with ones obtained by [73] with similar exposed surfaces, but with a
material with a MBV of 1 g/m? %.

Overall, the total cooling demand is generally lower in Cases 1.1, 1.2, and 1.3 compared to the corresponding Cases 2.1, 2.2, and
2.3, which can be attributed to the less stringent temperature control strategy applied in the former. In Cases 1.x, the indoor tem-
perature is maintained between 20 °C and 26 °C during working hours and allowed to fluctuate between 15 °C and 30 °C during the
rest of the day throughout the year. In contrast, in Cases 2.x, the indoor temperature is strictly set at 26 °C during the entire non-heating
season (from mid-April to mid-October) during working hours, with the same fluctuation range (15-30 °C) applied during non-
working hours. This tighter temperature regulation in Cases 2.x contributes to higher sensible cooling demands overall.
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Fig. 10. Annual cooling demand (kWh), including sensible and latent components, for lime and alginate plasters across all cases.

Table 7
Annual comparison of dehumidification demand and energy consumption for different plasters.
Case 1.2 Case 1.3 Case 2.2 Case 2.3
Lime Alginate Lime Alginate Lime Alginate Lime Alginate
plaster plaster plaster plaster plaster plaster plaster plaster
Total latent cooling demand
[kgl 102.31 37.33 24.74 0.00 106.88 45.47 31.15 0.12
[kWh] 63.95 23.33 15.46 0.00 66.80 28.42 19.47 0.08
Reduction of latent cooling demand —63.51 % —100 % —57.46 % —99.60 %
with alginate [%]
Total cooling demand (sensible and 529.87 470.66 455.02 451.09 608.48 591.96 568.31 573.63
latent) [kWh]
Reduction of total cooling demand —11.17 % —0.86 % —2.71 % +0.94 %
with alginate [%]
Latent cooling fraction of total cooling 12.07 4.96 3.40 0.00 10.98 4.80 3.43 0.01

demand [%]

These results confirm that the use of alginate plaster can lead to substantial energy savings in building cooling, particularly when
humidity control is present and latent demands are significant, mainly thanks to its hygroscopic buffering capacity.

Table 7 reports the annual comparison of latent cooling demand and total cooling demand for lime plaster and alginate plaster in
selected cases. Cases 1.1 and 2.2 were excluded, as no relative humidity control was applied in the simulations, resulting in no
dehumidification demand. The table includes latent cooling expressed in terms of dehumidification demands [kg] and the related
energy consumption [kWh], percentage reductions for dehumidification compared to lime plaster, total cooling demand (sensible +
latent), and the share of latent cooling over the total demand.

Moreover, Table 7 complements the previous analysis by providing a detailed quantitative comparison of latent cooling demands
and related energy consumption.

The reduction in latent cooling demand when using alginate plaster is particularly evident in Cases 1.3 and 2.3, where values drop
to nearly zero (0.00 and 0.12 kg respectively), leading to an almost complete suppression of latent cooling demand. This behaviour is
analysed and contextualised in the Supplementary Information (section A5), where hourly profiles of the cooling loads for the month of
August are reported.

Among all cases, Case 1.2 shows the most significant overall energy savings, with a reduction in latent energy consumption of
63.51 % and a decrease in total cooling demand of 11.17 %. This is also reflected in the latent share, which drops from 12.07 % to 4.96
%. On the other hand, in Case 2.3, the excellent latent demand reduction is offset by a slight increase in the sensible component,
leading to a marginal increase in total cooling demand (+0.94 %).

These findings highlight the promising role that alginate plaster plays for stabilizing indoor humidity levels and significantly
reducing energy expenses related to air control. Its application suggests substantial potential for innovative passive strategies in new
constructions and retrofitting existing buildings.

The advantages of utilizing highly hygroscopic materials as internal finishing extend also to the improvement of comfort condi-
tions. The reduction of the amplitude of air relative humidity oscillations due to moisture loads as shown in Figs. 7 and 8, potentially
improves the comfort levels of the occupants. This effect could be more relevant in cases without HVAC systems and higher air
temperatures, when high moisture loads are the main driver of occupants’ discomfort. In these cases, materials with high MBV could
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help improve significantly comfort, but a realistic evaluation of the phenomenon would require an extensive hygroscopic charac-
terization of the materials and extended heat and moisture transfer models, that could consider temperature-variable moisture
adsorption isotherms. Future work on this topic is therefore required to establish the effective performance of highly hygroscopic
materials as internal finishing.

4. Conclusions

In this work, a new method for a simplified hygroscopic material characterization is proposed and it has been applied on two
materials, an alginate enhanced plaster and a lime plaster, used as baseline. The material properties are used to evaluate the per-
formance of the highly hygroscopic material used as internal finishing. The main findings of this work are hereby outlined:

e Using a Fickian diffusion model fitted to RH step-response data from a dynamic vapour sorption (DVS) analyzer (model interpo-
lated through minimizing the root-mean-square error) we estimated the effective moisture diffusivity as D ~1.84 x 10~ m?s™ for
the lime plaster and D ~1.17 x 10~° m?s for the plaster containing 20 % calcium alginate. Over the investigated range, the
dependence of D on moisture content was negligible.

Vapour resistance factor functions—derived from the fitted diffusivities and the materials' sorption isotherms—were used to
validate the models against MBV dynamic tests following the NORDTEST protocol. The best agreement for both mass change (Am)
and MBV was obtained with a surface resistance of 0.1 m*>KW 1, yielding percentage errors of 0.67 % for the lime plaster and 1.59
% for the alginate plaster. The overlay of measured and simulated Am trends demonstrated the model's capability to reproduce the
dynamic hygric response of the materials across repeated sorption-desorption cycles.

5 years simulations at room scale have demonstrated that the enhanced alginate plaster has buffered indoor ¢ fluctuations more
effectively than lime plaster, with attenuation factors (f,) ranging between ~0.2 (strictly controlled, winter period) and ~0.8
(uncontrolled, spring period) depending on boundary conditions;

Energy consumption analysis highlighted substantial reductions in latent cooling demand: 63.5 % in Case 1.2, ~100 % in Cases 1.3
and 2.3 (wider indoor relative humidity control band), and 99.6 % in Case 2.2 compared to lime plaster. Total cooling energy
demand decreased by up to 11.2 % in Case 1.2 when alginate plaster was applied, while sensible cooling demand remained similar
between plasters.

These results demonstrate the dual benefit of enhanced alginate plaster in stabilizing indoor humidity and reducing cooling energy
use, confirming its potential as a passive strategy for energy-efficient building design and retrofitting applications.
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