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Abstract

The heat insulating potential of straw, an agricultural residue, used as part
of the envelope of unconditioned buildings is the focus of the current work.
Using a CFD software with experimentally validated boundary conditions,
transient thermal analysis is performed on a 3-D model room of dimensions
3m x 3m x 2.5 m with vents and heat source representing a naturally ven-
tilated indoor space. The thermal performances of a reference uninsulated
concrete envelope and a straw insulation-based envelope are compared in
terms of quantitative parameters such as indoor air temperature, decrement
factor, and time lag as well as a qualitative discussion on the need for occu-
pant adaptation, namely closing or opening of inlet vent and requirement of
additional heating. The assessment and subsequent recommendation of straw
insulation utilization is done for representative summer and winter days of

the five different climatic zones of India. A maximum reduction of up to 3.5

*Corresponding author
Email addresses: aksabapathy@outlook.com (Karthik A. Sabapathy),
sateeshg@iitm.ac.in (Sateesh Gedupudi)

June 13, 2021



°C in the peak indoor air temperature is achievable with inlet temporarily
closed when straw insulation is included in the envelope in summer condi-
tions. In winter conditions of cold climatic zone, with inlet always closed,
use of straw insulation leads to the lessening of additional active heat source
requirement by as much as 600 W for the considered model room. Further,
the effects of increased straw insulation thickness, removal of heat source,
varying inlet air velocity, and changing the position of the straw insulation

to the outside are also analysed for the extreme warm and cold conditions.

Keywords: Building envelope, CFD, Natural ventilation, Straw insulation,

Transient simulations, Thermal comfort




Nomenclature

DF

Iy

I,

AR

Ry

specific heat (J/kgK).

thickness of the envelope (m).

decrement factor.

heat transfer coefficient (W/m?K).

direct /beam component of the total irradiance
on a surface (W/m?).

diffuse component of the total irradiance on a
surface (W/m?).

irradiance on a horizontal surface which is
equal to the Global Horizontal Irradiance
(GHI) (W/m?).

total irradiance on a tilted surface (W/m?).
thermal conductivity (W/mK).

heat flux (W/m?).

heat transfer rate (W).

difference in the longwave radiation emitted
and recived by a surface (W/m?).

ratio of the beam radiation on the tilted sur-
face to that on the horizontal surface.
roughness factor.

time (s).

temperature (K).



TL

Greek symbols

Subscripts

conv

mn

out

time lag (s).

air velocity (m/s).

velocity of wind specified in weather station
data (m/s).

height of room (m).

standard wind velocity measurement height

(m).

absorptivity of a surface.
emissivity of a surface.
zenith angle (°).

density (kg/m?).

ground reflectance.

tilt angle of a surface (°).

concrete.
convection.
inside surface.
indoor.

outside surface.
outdoor.

plaster.
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rad radiation.
S straw.
sol sol-air.

surf surface.

Abbreviations

ASHRAE American Society of Heating, Refrigerating

and Air-Conditioning Engineers.

CFD Computational Fluid Dynamics.
DHI Diffuse Horizontal Irradiance.
DNI Direct Normal Irradiance.

ECBC Energy Conservation Building Code.
GHI Global Horizontal Irradiance.
NSRDB National Solar Radiation Database.

1. Introduction

India is facing two closely intertwined challenges of growing housing de-
mand [1] and persistent portion of consumed energy derived from fossil fuels
[2]. With the building sector estimated to be contributing to 39% of car-
bon emissions globally [3], burgeoning built-up area in India does not do any
favour in her efforts to fight the consequences of climate change. During the
lifetime of a building, considerable energy is used up in maintaining ther-
mally comfortable conditions [4]. An individual accustomed to a conditioned
space eventually begins to feel comfortable over a narrow range of thermal

conditions [5]. Such a perception of a narrow comfort range, achievable only
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through active space-conditioning, also plays a role in driving up energy con-
sumption in buildings. To slow down this vicious cycle, innovations aimed
at optimizing energy use in buildings are urgently needed. In this regard,
passive techniques are worth exploring because of their inherent energy sav-
ing potential. One of the simple and cost-effective passive techniques is the
introduction of insulation materials [6], of sustainable nature, in the building
envelope. Apart from air-conditioned buildings, there are also many build-
ings still functioning under natural ventilation or mixed-mode ventilation.
A significant portion of building occupants in India are dependent on natu-
ral /mechanical ventilation or other forms of adaptation to maintain comfort
conditions [7]. So, to assess the feasibility of adopting building insulation for
unconditioned spaces, more research is necessary to gain better understand-
ing of the effect of insulation on the indoor thermal environment. Energy
savings, even to a small degree, can prove beneficial as sustainable bio-based
insulation materials are locally sourced and available at exceptionally low
cost.

Straw is an agricultural residue generated during the harvest of a number
of staple food crops such as rice, wheat, barley, and oat. Straw in the form
of rectangular bales were known to be used in load-bearing walls of houses
as early as in 1908 in Nebraska, U.S. [8]. The large thickness of such bales
(between 35 and 50 cm) ensured excellent thermal insulation. The insulation
characteristics of straw was given scientific authenticity when McCabe [9]
measured the thermal resistance (R-value) of straw bales for the first time
in 1993. Since then, there has been a growing interest in the various char-

acteristics of straw: thermophysical, structural, hygroscopic, sound, and fire
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resistance [10][11]. Studies involving straw-based prototype buildings have
showed that a fastidious design with proper plastering and sealing can en-
sure minimum moisture related damage to the straw present in the building
envelope [12]. In India, it was reported that the annual production of crop
residue from 2010 to 2014 was around 521 million tonnes (Mt) with rice and
wheat accounting for 121 Mt and 114 Mt, respectively [13]. Kumar et al.
[14] reports that 81% of rice stubble and 48% of the wheat stubble are burnt
causing pollution in neighbouring towns and cities [15]. The problem of agri-
culture residue burning is not unique to India as this practice has also been
reported in other countries with sizeable agricultural output such as Brazil
[16] and China [17]. Converting the waste straw into a construction material
can offer an alternative to farmers who are currently left with no choice but

to burn the straw in preparation of the land for the next crop cycle.
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1.1. Reuview of literature

The following literature review briefly covers the three topics of interest
in the current work: (i) thermal performance of straw based constructions,
(ii) passive technique of using building insulation materials in the envelope as
well as thermal comfort, in the context of Indian climates, and (iii) some of
the transient numerical studies carried out on indoor spaces under different

ventilation conditions.

1.1.1. Straw building thermal performance

Several researchers have opted for experimental approach involving test
rooms or case study buildings to assess the performance of straw insulation.
Various attributes of straw buildings namely structural [26], moisture infil-
tration [30][31][32], fire, and sound resistance [24][19][33] have been explored.
Here, the focus is on literature discussing the indoor thermal performance.
The studies pertaining to thermal performance of straw envelope are summa-
rized in table 1. With the exception of the study by Sabapathy and Gedupudi
[18], the test room or buildings considered in these had the following com-
mon features: (a) the envelope consisted of straw of large thickness (>20
cm) in the form of bales/panels or as part of a composite wall, (b) the straw
wall forms the load-bearing component of the building envelope, and (c) the
straw surface is protected by a coating of some type of plaster. The ability
of the thick straw bales to inhibit heat transfer and maintain stable indoor
environment is evident from the studies. So naturally, to take advantage
of the insulation potential, other methods of incorporating straw into the
building envelope were explored. Filling hollow concrete blocks [34][35] or
clay hollow bricks [36] with straw, mixing straw with clay [37][38][39] or with

10
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sand-concrete [40] or with earthen bricks [41] and fabricating high density
straw boards [42] were some of the innovations found in literature. All of
these require additional processing and manufacturing stages.

A simple and cost-effective way of using straw insulation in buildings
is through a retrofitting technique in which straw in the form of non-load
bearing compacted cells of smaller thicknesses (less than 20 or 25 cm) is
fixed on to the existing load-bearing walls/roof of a building [43]. The indoor

thermal performance achievable in this option is the focus of the current work.

1.1.2. Building insulation usage and thermal comfort in the Indian context
The use of insulation in buildings, though simple to implement, is not
widely prevalent in India. There are, however, studies revealing the energy
savings potential of using insulation in buildings in India. Natural materials
such as bagasse, leaves, etc. [44], wooden boards, [45] and commercial insu-
lation materials such as Extruded Polystyrene (EPS) [46] have been studied
for Indian climates. In a review, Gupta et al. [47] noted the suitability of
straw as a construction material for buildings in India. The potential for
energy and cost savings on implementing straw insulation retrofitting for
conditioned spaces in Indian climatic zones was evaluated in a recent work
[48] by the current authors. The decision to use any material including straw
in the building envelope is intrinsically linked to its thermal performance and
the highly subjective and localized thermal comfort preferences of occupants
of a building for a particular climate. In a recent review by Sansaniwal et al.
[4], the existing thermal comfort standards incorporating the principles of
adaptability to varying degrees were briefly described followed by details of

thermal comfort studies considering Indian climatic zones. The authors raise

11



99

100

101

102

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

an important issue of the lack of an India-specific thermal comfort standard.
There has been attempts by Indian researchers to prescribe a standard ap-
plicable for India; the Tropical Summer Index (TSI) [49] and Indian Model
for Adaptive Comfort (IMAC) [50] being two of the prominent attempts.
However, as pointed out by the authors of the review, these are applicable
to only certain climate conditions or building types, respectively. Rigid and
ill-suited international standards applied to buildings in India lead to exces-
sive energy consumption in the form of air-conditioning load. This is evident
from a helpful summary of the ranges of thermal comfort reported in pre-
vious literature for the different climatic zones of India included at the end
of the review. The climate of India is classified under five zones: warm and
humid, composite, cold, hot and dry, and moderate/temperate as per the
Energy Conservation Building Code (ECBC) of India [51]. In order to make
a more reasonable and practical assessment of the thermal performance of
straw insulation, appropriate thermal comfort results and conclusions drawn
in literature specific to Indian climates are used throughout the results and

discussion section in the current work.

1.1.3. Transient simulation of unconditioned/ventilated spaces

There is a plethora of literature associated with the heat, air, and mois-
ture transfer in buildings with researchers adopting different methods such as
whole-building energy simulation software, Computational Fluid Dynamics
(CFD) simulation software and more recently, coupled CFD-building simu-
lation software [52]. With high-performance computing resources becoming
more affordable, there is more inclination towards full CFD simulation of

buildings which remains the best approach to accurately resolve transient

12
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conjugate heat transfer and indoor air flow dynamics [53]. Therefore, this
brief review covers only recent studies that use CFD tools for analysing in-
door airflow and thermal performance of ventilated or unconditioned spaces,
some of which are used as references for choosing appropriate simulation
parameters. Transient simulation of hygrothermal performance of buildings
was carried out by Mirsadeghi [54]. The author had used experimental re-
sults available in previous literature to validate the simulations employing
standard k-w model along with low-Re correction and Boussinesq approxi-
mation. The thermal comfort in a room ventilated with an impinging jet was
examined under different cooling and heating load conditions by Chen et al.
[55]. The authors created a model of an office space with external (window,
floor) and internal (occupants, computer, and lighting) heat loads. Yang
et al. [56] performed transient simulation of buoyancy-driven natural venti-
lation in a room with heat source considering variations in the temperature
difference between the indoor and outdoor space as well as the area, position,
and shape of the vent. While the shape and horizontal position of the vent
did not have significant effect, thermal comfort was found to decrease with
increase in vent area. The effect of simulation parameters such as turbu-
lence model, mesh size, and discretization scheme in predicting the thermal
stratification in a heated indoor space was analysed by Gilani et al. [57].
Among five turbulence models analysed, the standard and SST k—w models
were found to reproduce the thermal plume phenomenon successfully. Also,
for the structured mesh generated for the 3-D test room, the resolution did
not appear to have any significant influence on the indoor air temperature.

Pina-Ortiz et al. [58] tested the different turbulent models by comparing the
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indoor air temperature results from experiments on a ventilated space with
and without heat source. The results indicated that the standard k—w model
was the most accurate for the case of heat source turned off while the low
Reynolds stress omega model was the most accurate with heat source turned
on. Overall, on average, all the turbulence models predicted the indoor air
temperature with an error of less than 5%.

Naturally ventilated buildings demand a dedicated study because of the
complexities of transient conjugate heat transfer and indoor air flow dynam-
ics. Such studies incorporating insulation-based passive technique are limited
in literature [59][60]. Considering the huge generation and wastage of straw
residue in India, and with the vast number of existing buildings being nat-
urally ventilated and new buildings being constructed in the country, it is
essential to analyse the thermal performance of straw insulation in uncondi-
tioned spaces also to arrive at a more complete picture of straw insulation

effectiveness in Indian climatic zones.

1.2. Objectives of current work

In the current study, a 3-D model of a representative indoor space is pro-
posed and transient thermal analysis is carried out for a reference uninsulated
concrete envelope and for the envelope with straw insulation. The thermal
performance of the two envelopes are compared in terms of quantitative pa-
rameters such as indoor air temperature, decrement factor (DF'), and time
lag (TL) as well as qualitative discussion on the need for occupant adaptation
such as closing or opening of inlet vent. The assessment of straw insulation
performance is done for representative summer and winter days of the five

different climatic zones of India. Subsequently, recommendations on the use
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(b)

Figure 1: (a) Schematic of the 3-D model of the unconditioned space and (b) the enve-
lope configurations — reference (top) and straw insulation-based (bottom) — consisting of
concrete (C), straw (S) and plaster (P) used in the simulation analysis.

of straw insulation are also provided for each zone. Finally, the effects of
straw insulation thickness, heat source, inlet air velocity, and position of the

straw insulation are also analysed for the extreme warm and cold conditions.

2. Methodology

Transient 3-D conjugate simulation analysis is carried out to assess the
thermal performance of the straw-based envelope for an unconditioned space.
The model, boundary conditions, and simulation setup are described in this

section

2.1. Model of unconditioned space and envelope

A 3-D model with a volume of 22.5 m® (3 m x 3 m x 2.5 m) representing

an unconditioned space enclosed by envelope (fig. 1la) is proposed for the

15
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transient conjugate simulation analysis. Two different configurations of the
walls and roof of the envelope are considered as shown in fig. 1b: The first is
the reference envelope (denoted by the number ‘0’ in the results) consisting of
only load-bearing concrete material (C) of thickness, d¢, equal to 20 cm and
the second is the straw insulation-based envelope (denoted by the number ‘1’
in the results). The insulation-based envelope is configured to represent the
case of equal thickness (dg/2) of straw (S) insulation retrofitted on to both
sides of the concrete material and protected by a plaster (P) layer of thickness,
dp, equal to 2 cm. Such a configuration was found to be the most effective
among three possible retrofit configurations (insulation on the outside or on
the inside or split equally on either side) [48], and therefore selected for the
current analysis. The default thickness of the straw insulation is set as 5 cm
on either side of the concrete. The effect of increased thickness of insulation
on the thermal performance of the envelope is studied separately in the end.
Airflow in the indoor space is promoted by an inlet and an outlet vent. Both
the vents have a surface area of 0.16 m? (0.4 m x 0.4 m, vent-to-wall surface
area ratio of about 0.0213). The vent-to-wall surface area ratios found in
literature were between 0.01 and 0.1 ([61]-[64]). The inlet vent is located
on the windward facing wall at a height of 0.4 m from the floor as shown
in fig. 1a. The outlet is located at the top middle of the opposing leeward
facing wall, as shown in the figure. The windward and leeward facing walls
are chosen based on the prevailing wind direction for a particular location
and time. The internal heat sources, typically found in residential spaces, is
represented by a volume of 0.064 m? (0.4 m x 0.4 m x 0.4 m) generating

a constant heat of 150 W located on the floor in the middle of the indoor
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space. Typical internal heat loads found in literature had magnitudes of 90
W [65], 100 W [59], or 257 W (95 W occupant, 120 W computer, and 42 W
lighting) [55]. So, the internal load of 150 W in the current case is selected

in line with the load values used in literature.

2.2. Boundary conditions and material properties

The envelope of the room is specified with the following transient convec-

tive boundary condition (eq. (1)) on the outside surface.

o(t) = ho(t)(Tsar(t) — To(1)) (1)

where ¢,(t) is the outside surface heat flux and h,(¢) is the specified heat
transfer coefficient on the outside surfaces of the envelope. Ty (eq. (2)), also
specified, is the fictitious sol-air temperature which is a consolidated repre-
sentation of the outdoor ambient temperature, T, the total solar radiation,
I;, and the surface characteristics of the envelope (described by h,, surface

emissivity, €5 and surface absorptivity, a;) as seen in the expression below

[66).

asly  €,AR
Tso - Tou - 2
! ¢t T I I (2)

Here, e,AR/h, represents the long wave radiation component which, for
the current analysis, is assumed to be 0 °C for vertical surfaces (walls) and 4
°C for horizontal surfaces (roof) as per the recommendations in the ASHRAE
handbook [66]. The isotropic sky model [67] (eq. (3)) is used to determine

the total radiation for each of the walls and the roof.
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1+ cos 1 — cos
I, = LRy + 14 <T¢) + Iypy (T¢) (3)

where I, equals the Global Horizontal Irradiance (GHI), I; equals the Dif-
fuse Horizontal Irradiance (DHI), and I, is the product of the Direct Normal
Irradiance (DNT) and the cosine of the zenith angle (6,). The outside heat
transfer coefficient h, is a combination of convection (h,cony) and radiation
(horad) components. To estimate the complex convective component [68],
the DOE-2 model [69] is selected based on a previous experimental work [18]
carried out by the authors. The outside surface boundary condition with a
24-hour time period (single representative day) is repeated until the solution
enters a steady periodic state. A location (city or town) in each climate
zone of India is chosen (table 2), and the weather and radiation data for the
locations are obtained from the online database, National Solar Radiation
Database (NSRDB) [70] provided by the National Renewable Energy Labo-
ratory, U.S. The data is obtained for the duration of five years between 2010
and 2014, and the averaged values of outdoor air temperature, wind velocity,
and radiation components are used for calculating the transient boundary
conditions. This raw data was available for 1 hour time interval and linear
interpolation was used to calculate the values for the intermediate time steps.
Representative summer and winter days are picked based on the maximum
and minimum temperatures, respectively, in the five-year averaged outdoor
air temperature data. For all the five zones, the data and the calculated
sol-air temperatures under summer and winter conditions are presented in
the Appendix section (figures Al to A10).

The inlet vent is set as a velocity-inlet with time-dependent inlet velocity

18



252

254

255

258

259

260

261

262

263

264

Table 2: The climatic zones of India as per ECBC and the selected representative days
for summer and winter.

Zone Climate condition Location Summer Winter
label (Latitude, Longitude) representative day representative day
. . Chennai
Zone 1 or Z1 Warm and Humid (13.08° N, 80.27° E) May 15 December 15
‘ ite Jaipur fav 15 ey 15
Zone 2 or Z2 Composite (26.91° N, 75.78° E) May 15 January 15
Shimla P arrary 15
Zone 3 or Z3 Cold (31.10° N, 77.17° E) May 15 January 15
Ahmedabad , . .
Zone 4 or Z4 Hot and Dry (23.02° N, 72.57° E) May 15 January 15
Bengaluru

Zone 5 or Z5 Moderate/ Temperate April 15 December 15

(12.97° N, 77.59° E)

and ambient outdoor air temperature values given as input. The magnitude
of the velocity is obtained by applying the 1/7%" power law approximation
(eq. (4)) [71] of the wind speed V.

Vinter(t) = Vio(#) (%)1/ ! (4)

where the reference wind speed V,, is measured at a height 7 = 10 m
available in the meteorological data and z is the height of the model room.
It is assumed that the wall with the inlet is always facing the predominant
windward direction decided by the wind direction data for the specific day.
Accordingly, other wall orientations are fixed. To simulate a partially closed
opening, the velocity magnitude at the inlet is set to a fraction (one-half
or one-quarter) of the original value. Also, to simulate a closed inlet, the
velocity is set as zero. The outlet is set with a pressure-outlet boundary
condition as it is located in the leeward facing wall. For the five climatic

zones considered, the calculated inlet velocity never falls below 1 m/s. The
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characteristic length for the model room is 1.7 m (height difference between
the centres of inlet and outlet). Then, the ratio of Gr/Re?, with the overall
average inlet velocity of 1.73 m/s, reaches values of 0.1 or more only when
the temperature difference between the indoor air and the inside surface
goes beyond 5 °C. Such large temperature differences occur rarely over a day
for naturally ventilated buildings. Predominantly, Gr/Re? values are less
than 0.05 and so, heat transfer owing to free convection is assumed to be

insignificant in the current study.

Table 3: Thickness, thermophysical properties, and surface roughness factor of the mate-
rials considered

Material d (mm) p(kg/m?®) c (J/kgK) k (W/mK) R;[68] «
High density
concrete (C) 200 2243 840 1.731 1.52 0.5
([66], [72])
Plaster (P)

20 1600 900 0.7 1.11 0.5
([73], [74], [75], [76])
Straw (S)

100 100 2800 0.08 2.17 0.8
([77], [78))

The thermophysical properties of the envelope materials are listed in ta-
ble 3. The envelope is made of high-density concrete wall of thickness 200 mm
whose properties are obtained from ASHRAE handbook [66]. For the plaster
coating, suitable thermophysical property values are taken from literature as
presented in table 3. Straw insulation with a density of 100 kg/m? is selected
for which the correlations for effective thermal conductivity and thermal dif-
fusivity of random oriented straw sample [78] are used to obtain the property
values. The roughness factor (R;) which is a part of the DOE-2 model is

set for concrete and plaster surfaces as per literature recommendations [68].
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Figure 2: The structured mesh with hexahedral cells generated for the proposed 3-D model
room. The inflation layers near the wall boundaries is shown magnified.

Also, the surface is assumed to be opaque and grey with absorptivity ay
values for the materials obtained from literature [72][73][77]. The thermal
properties of the straw also varies with moisture content [78]. However, this
variation is not considered here because the straw is not directly exposed
to the ambient conditions and is protected by plaster layer on both sides.
The moisture content in the straw is greatly dependent on the hygroscopic
characteristics of the plaster layer [79]. Plaster is a mixture whose hygro-
scopicity can vary depending on its constituents and their concentration. A
plaster layer with low hygroscopicity can be chosen which, in turn, results in
negligible influence of the varying moisture of the ambient air on the thermal
properties of the straw. Further, the plaster layers enhance the durability of
the envelope as they protect the straw from degradation caused by moisture

intrusion [10].
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2.3. Mesh and simulation setup

The 3-D model is divided into hexahedral cells to create a structured
mesh. Figure 2 shows the structured mesh generated for the 3-D model room
with the reference envelope which is also used for the grid independence tests.
Appropriate inflation layers are generated in the mesh to capture the gradi-
ents near the envelope boundaries as well as near the edges of the inlet, the
outlet, and the heat source. For the grid independence test, three different
structured meshes with varying number of elements and wall boundary first
layer thickness are generated as listed in table 4. For the time step inde-
pendence test, three different time step sizes of 60 s, 120 s, and 300 s are
considered and the testing is performed for the chosen mesh following grid
independence study.

The transient simulation is carried out using the commercial CFD soft-
ware, ANSYS Fluent v19.2. Based on the literature review [54][57][58], stan-
dard k—w is selected for turbulence modelling for both the validation simu-
lations as well as the simulations involving the 3-D model room considered
in the present study. Pressure—velocity coupling is handled by the SIMPLE

Table 4: Details of the different grids generated to ensure grid independence for the model
room.

Number of Boundary wall first

Mesh
elements layer thickness (m)
Mesh 1 — Coarse 252000 0.00857
Mesh 2 — Normal 416500 0.00476
Mesh 3 — Fine 935750 0.00349
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algorithm. The terms in the momentum and energy equations as well as the
turbulence parameters are discretized using second order upwind scheme.
The transient term is discretized using second-order implicit scheme. Suit-
able under-relaxation of the velocity results is applied when necessary. The
Boussinesq approximation is applied for the air density variation [54][56].
The radiation heat transfer between the inside surfaces is taken care of by
the Surface to Surface (S2S) radiation model. The time dependent input vari-
ables, namely sol-air temperature and heat transfer coefficient terms present
in the envelope outside surface convection boundary condition, and velocity
specified at the inlet, which repeat every 24 hours are also specified. The
heat source is set as an internal air zone with volumetric heat generation

within the indoor air zone.

2.4. Reference cases for validation

Before pursuing the simulations on the current 3-D model room, the setup
and procedure along with the chosen grid size and turbulence model need to
be validated [80]. For this purpose, two references from literature dealing
with different conditions of indoor air simulation are used here. The first
is the work by Mirsadeghi [54] in which the author compared the results of
transient thermal analysis of an enclosed space using three different methods:
only CFD simulation, only Building Energy Simulation (BES) software (ESP-
r), and coupled CFD-BES simulation. The geometry of the model is shown in
fig. 3a. The cube-shaped enclosed space consists of an envelope of concrete of
8 cm thickness. A step change from 30 °C to 50 °C was given at the northern
wall and the resultant transient indoor air temperature profile and the inside

surface temperature profile of the north wall are used for the validation. The
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Figure 3: The models used in the references selected for validation: (a) transient simulation
of an enclosed space [54] and (b) steady-state simulation and experiment comparative
study of a ventilated space [58].

material properties, mesh, and simulation parameters were the same as those
used in the reference.

The second reference is a comparative study between experiment and
steady-state simulation carried out by Pina-Ortiz et al. [58] with the objec-
tive of testing the accuracy of different turbulence models for a ventilated
space consisting of a heat source. The scaled ventilated room used for the
analysis is shown in fig. 3b. Similar to the proposed model in the current
study, the ventilated room has provision for air entry and exit through vents.
The authors of the reference work had employed multiple inlet and outlet
vents on the roof of the room as opposed to the single inlet and outlet vent
on the vertical walls of the current model. For the validation, the near wall
temperature profile on the inside surface of the hot wall and the correspond-

ing average heat transfer coefficient value with the heat source turned on are
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considered.

2.5. Criterta for thermal performance assessment

The effectiveness of straw insulation when compared to the uninsulated
envelope for the unconditioned/ventilated indoor space is assessed based on

the following criteria:
1. Indoor air temperature extremes and its fluctuation over 24 hours.
2. Decrement factor (DF') and time lag (7L).

3. Need for and extent of occupants’ adaptation to improve indoor thermal

comfort.
4. Indoor air velocities.

While (1), (2), and (4) comprise of purely quantitative results, the criterion
(3) includes a range of quantitative as well as qualitative aspects as listed

below:

a) Opening or closing of inlet: can be always open (OPN) or temporar-
ily closed during the day (DAYCLS) or night (NIGHTCLS) or always
closed (CLS).

b) Active means of local air circulation (for example, fans): decided based

on velocity field in the indoor air space.

c) Active local heating (for example, radiators/fireplace): specified as ad-
ditional internal heat generation in W on top of the default heat source

of 150 W.
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Figure 4: Flowchart depicting the methodology adopted and the various results discussed
in the current study.

These aspects vary with zone and prevailing season (summer or winter)
depending on requirement. The results and discussion for each zone com-
bines the quantitative and qualitative criteria leading to recommendations
for the effective use of straw insulation in the building envelope. The temper-
ature and heat flux results from the simulation are extracted after ensuring a
steady transient state is reached. The methodology adopted and the various
simulation cases along with the type of the results discussed are shown in a

flow chart (fig. 4).
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3. Results and discussion

3.1. Results of verification of simulation setup and output

The results of the various aspects of validation, namely validation of the
boundary conditions, validation of the simulation procedure, grid and time
step independence tests, and verification of attainment of steady-transient

state, are presented in this section.

3.1.1. Validation of the boundary conditions

The use of sol-air temperature and its calculation using an appropriate
model were validated through experiments conducted on a straw-based out-
door test room. In a previous work by the authors [18], four commonly used
models (McAdams, BLAST, MoWiTT, and DOE-2) were compared for esti-
mating the outside surface heat transfer coefficient (h, conv) and subsequently
h, and Ty, against the experimental data collected from the test room. The
models consider a number of factors influencing the sol-air temperature in-
cluding wind direction, roughness of the building surface, terrain roughness,
and height of the building. The DOE-2 model was found to be giving the
results closest to the experimental data. In addition to that, in the work
involving the evaluation of energy and cost savings on using the straw insu-
lation in the envelope of a conditioned space [48], the results between the 1-D
and 3-D simulations were compared for the experiment duration to reiterate
the adequacy of the 1-D model for the analyses carried out on a conditioned
space. The DOE-2 model was used in the comparison study as well as later
in the transient simulations [48]. Therefore, the DOE-2 model is used in the

present study as well.
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3.1.2. Validation of the simulation procedure

The results of the validation with the reference works are shown in fig. 5.
Both the simulated average indoor air temperature T, (fig. 5a) and the sim-
ulated average inside surface temperature of the north wall T ; (fig. 5b),
which is subjected to the step rise in temperature, match well with the refer-
ence results. The temperature gradient near the hot wall obtained from the
experiment and simulation (using k—w model) of the reference and the same
obtained for the current simulation are compared (fig. 5¢c). At the surface,
the deviation in the temperature value is about 0.4% when compared with
that from the experiment. Considering the uncertainty in the temperature
measurement being +0.2% as mentioned in the reference, this is a reason-
ably good agreement. Further, the average surface convection heat transfer
coefficient for the same wall in the current is calculated to be 3.56 W/m?K.
The same reported in the reference were 3.6 W/m?K from the simulation
(deviation of about 1.1%) and 3.8 W/m?K (deviation of 6.3%) from the ex-
periment. Small variations in the property values of air and grid size is likely
to be the cause of the slight deviation observed between the reference and

current simulation results.

3.1.3. Grid and time independence results

Before carrying out the main simulations, the proposed 3-D model is
subjected to mesh and time step independence tests. The conditions of zone
4 (Ahmedabad — hot and dry) in summer are considered for these tests and
the results are presented in fig. 6. The average room air temperature and
the inside surface temperatures for the west (windward facing) wall and the

roof are compared. With variation in both the mesh (coarse, normal, and
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Figure 5: Comparison of the results between the reference and current simulation: (a)
average indoor air temperature [54] (b) average inside surface temperature of the north
wall [54], and (c) inside surface temperature variation near the hot wall [58].

fine) and time step size (60 s, 120 s, and 300 s), no significant difference in
the temperature results are observed. Based on these results, the normal
mesh (mesh 2) with a time step size of 300 s are selected for the subsequent

simulations.

3.1.4. Steady transient state validity results

It is ensured that the simulation attains a steady transient state before
using the 1-day results for further analysis. This is evident in the temperature
and heat flux results shown in fig. 7 in which the complete simulation output
is shown. Again, the conditions of zone 4 under summer is used for this
purpose. For the case of the reference envelope, the simulation is carried out
for eight cycles of repeating boundary condition and for the envelope with
the straw insulation, the simulation is done for ten cycles. The same number
of cycles is employed for the corresponding envelope cases in the subsequent

simulations.
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Figure 6: Comparison of indoor air and the surface temperatures of west wall and roof for

different grid resolutions and time step sizes.

3.2. Comparison of indoor air temperatures without and with straw insulation
Following the successful validation, the transient simulations for the cases

without and with straw insulation in the envelope are taken up next for the

different climatic zones of India in summer and winter seasons. Appropriate

ventilation modifications are introduced, if necessary, for each condition.

3.2.1. Zone 1: Chennai (warm and humid)

During summer in Chennai, the outdoor air temperature in Celsius con-
sistently reaches mid-30s and occasionally touches 40 °C too. As the city is
located near the coastline, there is a high level of humidity in the evening.
The results of the comparison of indoor air temperature without and with

insulation for this condition are shown in fig. 8. With the inlet vent always
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Figure 7: The results of the (a) indoor air temperatures and the inside surface temperatures
along with the inside surface heat fluxes for the (b) west wall and (c) roof considering the

reference envelope (left) and the envelope with insulation (right) shown for the entire
simulation period.

open (OPN), it is observed that the inclusion of straw insulation causes only a
slight decrease in the peak indoor air temperature. Further, it is evident that
closing the inlet, either temporarily (DAYCLS — closed for 8 hours during
the day between 0800 hours to 1600 hours) or always (CLS), is not benefi-
cial in improving the indoor thermal comfort. For the uninsulated reference
envelope, temporarily closing the inlet results in a delayed shoot up of the
indoor air temperature to nearly 37 °C. With insulation, however, this tem-
perature increase reaches up to a maximum of around 34 °C only. With the
inlet always closed, though the indoor air temperature reaches a high value
of 37 °C on adding the straw insulation, the fluctuation in the temperature
is nearly eliminated. With no insulation, a fluctuation of 5.5 °C exists in

the temperature value. This tendency of the insulation to mitigate fluctua-
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Figure 8: Results for zone 1 (Chennai): Indoor air temperatures for different ventilation
conditions compared against the outdoor air temperatures with the corresponding mean
and extreme temperature values.
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tions in the temperature can be useful during the months between July and
September, when the incident radiation is not as high as during the peak
summer months between March and May.

Under winter conditions in zone 1, the indoor conditions are relatively
comfortable irrespective of the use of insulation as seen from fig. 8. However,
during the months of October and November, Chennai receives much of its
rainfall which is accompanied by high levels of humidity. Therefore, the inlet
may be closed through the day to prevent entry of the moisture-laden air. In
such a scenario, without insulation, the indoor temperature remains within
a thermally comfortable range but exhibits diurnal fluctuation of about 4
°C. With the straw insulation, this fluctuation is eliminated but a higher
temperature of about 33 °C is maintained owing to the heat generated from
the internal sources effectively prevented from transferring outside through
the envelope.

Overall, in the review by Sansaniwal et al. [4], the comfort tempera-
ture range for zone 1, on average, is between 23 °C and 31 °C considering
different locations experiencing warm and humid conditions. A field survey
conducted in Chennai [81] for apartment buildings estimated an acceptable
temperature range of 27 °C to 32 °C with occupant adaptation and proper
cross-ventilation. In summer, higher levels of discomfort is reported in the
evening hours [82] due to increasing relative humidity. It is found from the
simulation results that peak indoor air temperature can be 3 °C to 4 °C lower
with straw insulation if the entry of humid air is prevented by temporarily
closing the means of air inlet.

The velocity magnitude path lines obtained for the midplane perpendicu-
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Figure 9: Velocity magnitude path lines at the mid-plane perpendicular to the vents
(shown top left) for the different ventilation conditions over six hour intervals for the case
of envelope with straw insulation in zone 1, summer.

lar to the vents in the air zone is presented in fig. 9 for the insulated envelope
case considering different ventilation conditions. The inlet facilitates air cir-
culation with magnitudes around 2 m/s up to a height of 1.25 m, especially
near the heat source. Interestingly, even when the inlet is closed temporarily,
air movement of similar velocities are persisting in the room, as seen from the
path lines plot after 12 hours in fig. 9b. With inlet always closed, the indoor
air velocities drop below 0.5 m/s making active air circulation necessary in

this scenario to improve thermal comfort.
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Zone 2: Jaipur (composite)
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Figure 10: Results for zone 2 (Jaipur): Indoor air temperatures for different ventilation
conditions compared against the outdoor air temperatures with the corresponding mean
and extreme temperature values.
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3.2.2. Zone 2: Jaipur (composite)

The main characteristic of composite climate zone is the extreme seasonal
variation. The summers are hot like in zone 4 and winters are cold as in zone
3. Extensive variation in relative humidity is also observed. In summer
conditions of zone 2 (fig. 10), the inclusion of straw insulation does not have
any effect on the indoor air temperature with the inlet always open with
maximum temperature as high as 44 °C. However, on closing the inlet during
the day as it was done for summer of zone 1, the peak temperature was
reduced to about 41 °C for the insulated envelope. It is also worth noting
that unlike zone 1, closing the inlet always does not cause the indoor air
temperature to exceed the outdoor air temperature at any time.

Under winter conditions, zone 2 experiences outdoor temperatures as low
as 9 °C during late evening/early morning hours. In an effort to prevent
the cold air entry, the inlet is closed between 2000 hours and 0600 hours
of the next day (NIGHTCLS) and the simulation is carried out. In the 10
hours of closed inlet, it is clear from fig. 10 that the straw insulated envelope
is more effective in maintaining a uniform comfortable temperature of 19
°C. Opening or closing the inlet causes a sudden decrease or increase in the
indoor air temperature, respectively. Closing the inlet for a longer duration
in the morning (say, up to 1000 hours) can negate the temperature swing.

Occupants of naturally ventilated buildings living in composite climate
were generally found to have wider perception of comfort temperature [4].
Kumar et al. [83] estimated a maximum comfort temperature of 34.5 °C for
naturally ventilated buildings with indoor air speeds of 1 m/s. Additional air

circulation is obtainable by means of table or ceiling fan. During the peak of
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summer as seen in the representative day selected in the current simulation,
the indoor conditions are predominantly uncomfortable even with the broader
comfort range. Therefore, additional means of lowering the temperature,
either passive or active, to complement the envelope insulation are necessary

for such occasions.

3.2.8. Zone 3: Shimla (cold)

The main characteristics of cold climate of zone 3 is relatively comfortable
conditions in summer but less than desirable outdoor ambient temperature
in the winter. Under summer conditions, the option of inlet kept closed
during the day rather than the night is analysed. This is because the ex-
isting literature show occupants prefer temperatures between 20 °C to 25
°C [4] as they are accustomed to the cold climate. At night, the outdoor
air temperature reaches only 1 °C to 2 °C lower than the minimum comfort
temperature. Therefore, the occupant is more likely to close the inlet during
the day when the outdoor temperature exceeds the maximum comfort tem-
perature by nearly 7 °C. Though the straw insulation does not show much
benefit with the inlet vent always open, a drop in temperature fluctuation by
3 °C is achieved when the inlet is closed during the day (DAYCLS) as seen
in fig. 11.

The addition of straw insulation in the building envelope is most effective
in the winter condition of the cold climate zone as observed in fig. 11. As
for the inlet condition, it is evident that keeping the inlet closed is the most
suitable option to trap the heat generated from sources within the indoor
space. This is achieved with the indoor temperature maintained at around

14 °C with insulation while without the insulation, the mean temperature is
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Zone 3: Shimla (cold)

Summer
—_ T = T, (DAYCLS,0)
-o- T, (OPN,0) = T, (DAYCLS,1) § Indoor air - without insulation
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==
£ ¥
ik .
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Figure 11: Results for zone 3 (Shimla): Indoor air temperatures for different ventilation
conditions compared against the outdoor air temperatures with the corresponding mean
and extreme temperature values.
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Figure 12: Indoor air temperatures for different internal heat sources and the correspond-
ing mean and extreme temperature values for winter conditions of zone 3.

about 11 °C with fluctuation of about 6 °C. To reach thermally comfortable
condition, additional active heating is necessary. In the current analysis,
this additional heating is represented by increasing the magnitude of total
internal heat generation to 300 W, 600 W, and 1200 W. The corresponding
indoor air temperatures achieved are shown in fig. 12 for the reference as well
as the envelope with insulation cases. Temperatures between 18 °C and 26
°C can be achieved with the total internal heat source value ranging between
300 and 600 W when the straw insulation is present. The same level of indoor
temperature is possible only with a heat source of 1200 W or more when no
insulation is employed. For all heat source values, the fluctuation is only

about 1 °C to 2 °C with insulation as opposed to 5 °C without insulation.
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Zone 4: Ahmedabad (hot and dry)

Summer
— T —=- T, (DAYCLS,0)
-o- T, (OPN,0) = T, (DAYCLS,1) $ Indoor air - without insulation
“ - T, (OPN,1) & Indoor air - with insulation

S
g $8
25 ‘ . ‘ - - :
0 6 12 18 24 Outdoor OPN DAYCLS
t (hours) a
Winter
— T - T, (NIGHTCLS,0)
== T (OPN,0) = T, (NIGHTCLS;) $  Indoor air - without insulation
_&3 0 T (OPN,1) I Indoor air - with insulation

0 6 12 18 24 Outdoor OPN NIGHTCLS

t (hours) 41t
Figure 13: Results for zone 4 (Ahmedabad): Indoor air temperatures for different venti-

lation conditions compared against the outdoor air temperatures with the corresponding
mean and extreme temperature values.
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3.2.4. Zone j: Ahmedabad (hot and dry)

The hot and dry conditions of zone 4 feature high outdoor ambient tem-
peratures at times touching 45 °C. The outcome of the simulation is similar
to that of the summer conditions of the composite (zone 2) climate. Straw
insulation was found to be beneficial for the case of the inlet temporarily
closed during the day (DAYCLS) as seen in fig. 13. The peak indoor tem-
perature was reduced by about 2.5 °C compared to that case of the reference
envelope. As the occupants are used to a higher temperature range in the
summer season, it is preferable to avoid low temperatures in the winter con-
ditions. Therefore, the option of the inlet closed temporarily during the night
(between 2000 hours to 0600 hours) is analysed for the winter condition as
shown in fig. 13. As in the case of the winter conditions of zone 2, the du-
ration of the closed inlet may be extended to avoid abrupt changes in the
indoor temperature.

The velocity magnitude path lines (fig. 14) show air movement within
the indoor space. Even with the inlet closed, air circulation is observed in
the plots after 24 hours and after 6 hours facilitated by the internal heat
source and the outlet. This air circulation can be enhanced with the help
of table or ceiling fans to improve the indoor thermal comfort. For the
locations directly in line with the inlet, air velocities of around 1 m/s is
noticeable throughout the day. Udaykumar et al. [84] reported a comfort
temperature range between 25 °C and 31 °C for summer and between 21.5
°C to 27 °C for winter in the hot and dry climate of Ahmedabad. Also, the
acceptance of higher temperatures increased when air speeds of 1 m/s was

available. While straw insulation improves the indoor comfort conditions
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Figure 14: Velocity magnitude path lines at the mid-plane perpendicular to the vents
(shown top left) for NIGHTCLS condition over six hour intervals for the case of envelope
with straw insulation in zone 4, winter.

during winter and to some degree in the milder summer months, additional
measures complementing the building insulation are necessary during peak

suminer.

3.2.5. Zone 5: Bengaluru (temperate/moderate)

The prevailing outdoor conditions in the temperate zone rarely reaches
a point of severity. Therefore, naturally ventilated buildings can provide
comfortable indoor conditions throughout the year with the least occupant
adaptation requirements. As there is no major seasonable shift, the sim-
ulation results of summer and winter conditions are presented together in
fig. 15. As the air entering the building does not have a significant cooling

or heating effect, it is desirable to keep the inlet always open from a thermal
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Figure 15: Results for zone 5 (Bengaluru): Indoor air temperatures compared against the
outdoor air temperatures with the corresponding mean and extreme temperature values.

comfort point of view. Unsurprisingly, the use of insulation is least effective
for buildings in this zone. The indoor air remains within a range of 19 °C

and 34 °C over the summer and winter representative days.

3.8. Decrement factor and time lag

The standard definition of decrement factor is the ratio of the difference
between the maximum and minimum temperatures at the inside surface to

the same at the outside surface and is represented as DFl,,sin eq. (5).

,—Ti,mam - ﬂ,min

To,maz - To,min

DFgyp = (5)

Generally, the lower the decrement factor, the better the effectiveness of
insulation of the building envelope. The results of the DFj,s obtained on
averaging the decrement factors obtained for the various walls and roof are

presented in fig. 16. The effectiveness of the straw insulation in inhibiting
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Figure 16: The DF,,y and DF,;, values (a) across different zones under OPN condition
and (c) for different ventilation conditions of zones 3 and 4. The TLg,y and TL,; values
(b) across different zones under OPN condition and (d) for different ventilation conditions

of zones 3 and 4.

the heat transfer through the envelope is clear from the reduction of DFj,,y
to about half of the same obtained for the envelope without insulation across
all the zones for both summer and winter as seen in fig. 16a. Also, for the

reference envelope, the ventilation condition (OPN, CLS, DAYCLS, NIGHT-
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CLS) does not have any significant effect on the DF;,,s values as observed in
fig. 16c. Though the DF\,s results imply effective indoor thermal manage-
ment on adding straw insulation, the results from the previous section show
that this benefit is not reflected in the indoor air temperatures. Therefore,
for ventilated spaces, a more appropriate decrement factor would be in terms

of the indoor and the outdoor air temperatures indicated as DF,;. in eq. (6).

En max ~ En man
DFyir = : : (6)

Tout,maz — Lout,min

The DF,;, results in fig. 16a reflect the temperature results obtained in
the previous section. The influence of air entering through the inlet vent on
the indoor conditions is clearly captured in the CLS case of zone 3 seen in
fig. 16¢ in which a drastic reduction in DF, is obtained compared to the
same for the ventilated (OPN, DAYCLS, and NIGHTCLS) cases.

Time lag is typically expressed as the time interval in hours between the
occurrence of the maximum temperature on the inside and outside surfaces

and is represented as T'L,yin eq. (7).

TLsurf = th‘,maz - tTo,maz (7>

Typically, a time lag of 8 to 10 hours ensures shifting of peak load to late
evening hours enabling better management of the HVAC energy demand in
air-conditioned buildings. For naturally ventilated or mixed-mode ventilated
buildings, it is difficult to interpret the time lag values in such a straight for-
ward manner and requires discussion of the same in the context of prevailing

conditions. So, similar to DFy;,., TLy; is defined (eq. (8)) with respect to air
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The results of TLg,y and TL,, are presented in fig. 16b and fig. 16d.
T'Lgy values are in the range of 3 to 4 hours for the reference envelope on
average across the different zones while addition of straw insulation causes
the T'Lg,y to reduce to about 2 hours. Although a greater shift in the peak
surface temperature is seen beneficial to manage cooling load in fully air-
conditioned buildings, this can be detrimental to indoor thermal comfort in
naturally ventilated buildings especially in humid conditions. High humidity
as a result of moist air entering through the inlet vent combined with shifted
high indoor temperature will create a stiflingly uncomfortable condition in
the evening. Therefore, a lower value of time lag is acceptable for uncondi-
tioned spaces when the prevailing conditions are warm and humid as in zone
1. On analysing the modified time lag values (TL,;.) for both without and
with insulation in fig. 16b and fig. 16d, it is evident that the air flow through
the inlet vent is the driving factor behind the time of occurrence of peak in-
door temperature irrespective of the presence or absence of insulation. The
time lag values increase by about 2 hours when the inlet vent is closed during

day as seen in summer conditions of zone 4.

3.4. Indoor air temperature variation with height

The indoor air temperature variation with the height of the model room
is plotted in fig. 17 for the extreme conditions of summer in zone 4 and

winter in zone 3. A maximum temperature variation of 1 °C along the
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Figure 17: Indoor air temperature variation with height after every six hours for the
representative days of (a) OPN and (b) DAYCLS conditions of summer in zone 4 and (c)

OPN, (d) NIGHTCLS, and (e) CLS conditions of winter in zone 3.

height of the room is observed for zone 4. As expected, warm air entry

through the inlet results in indoor air having a slightly higher temperature

near the bottom close to the inlet after 12 hours while the air temperature

changes to being slightly higher near the top after 18 hours as seen in fig. 17a.

The addition of insulation tends to reduce the temperature variation and is

approximately 0.5 °C, except at 12 hours. With the inlet vent closed during

day (DAYCLS), a more uniform temperature across the different heights of
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the room is obtained. This is evident by comparing the temperature plots
after 12 hours in fig. 17a and fig. 17b. The results for zone 3 confirm the
dominating effect of air flow on the uniformity of air temperature with respect

to height.

3.5. Effect of different parameters

This section presents the effects of different parameters such as straw
insulation thickness, heat source, air entry velocity, and location of straw
insulation on the transient thermal performance of the naturally ventilated

room.

3.5.1. Straw insulation thickness

The effect of higher insulation thickness of 20 cm (10 cm on either side
of the concrete) is studied for the two extreme conditions: summer of zone
4 (Ahmedabad) and winter of zone 3 (Shimla). The indoor air temperature
results for the simulations are presented in fig. 18a and fig. 18b and compared
with the same for the insulation thickness of 10 cm. It is evident that for
naturally ventilated buildings with vents always open, increase in the thick-
ness of insulation has only marginal effect on the indoor air temperature for
both the zones.

To understand the reasons for the relative ineffectiveness of insulation
in naturally ventilated buildings, the rate of heat transfer into and out of
the test room is analysed for the summer conditions of zone 4. The total
heat @) added to (in positive value) and removed from (in negative value)
the indoor air at every hour of the day is shown in figures 19a, 19b, and

19¢c. Here, Qsource is the 150 W heat added by the heat source in the room
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throughout the day and @.,, is the rate of total heat transfer evaluated
at the inside surface of the different envelope orientations and is a result
of the transient heat conducted through the envelope, which is equal to the
convection heat transfer between the envelope inside surface and the room air
and the net radiation exchange between the inside surfaces. Qen¢ is the net
heat transported through the vents. The values of Q.,, and Q.. plotted are
obtained from the hourly solution reports from the simulations. Integrating
the three components of heat transfer over 24 hours gives the total energy
flow in Whr for each. For example, in the 10 cm insulated case, integrating
over Qenv, Quent, and Qsource amount to 2617 Whr, -6095 Whr, and 3600
Whr, respectively. The addition or removal of heat through the envelope
is affirmed by the difference between the average inside surface temperature
(T;) and the indoor air temperature (T},). Similarly, the difference between
the air temperature at the inlet vent (7},;) and the air temperature at the
outlet vent (7,,4¢;) confirms the direction of the net heat transported through

- Tanl =o= Tln (ds =20 cm)
- T, (ds=10 cm)

501 @) Z4 Summer | ' ! 161 (b) Z3 Winter

T(°C)

25 . : ! 2
0

t (hours) t (hours)
Figure 18: The effect of increasing the straw insulation thickness from 10 cm to 20 cm on

the indoor air temperature for (a) summer of zone 4 (Ahmedabad) and (b) winter of zone
3 (Shimla).
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Figure 19: Heat (@) added to/removed from the indoor air through different means com-
pared ((a), (b), and (c)) and the various temperature results ((d), (e), and (f)) for the
three insulation conditions in summer of zone 4.

the vents. These temperatures are plotted in figures 19d, 19e, and 19f.

The minimum average indoor temperature possible is the minimum outer
ambient temperature. With the inlet vent open, the maximum average in-
door temperature largely depends on the maximum outer ambient tempera-
ture and is also influenced by the heat source and the heat transfer between
the envelope and the room air, depending on the thermal inertia and insula-
tion effect of the envelope. However, with the inlet vent closed or partially
closed, the effect of envelope and insulation on the indoor temperature will
be significant, as discussed in section 3.2. In figures 19a, 19b, and 19¢c, there

are several interesting aspects worth discussing. The first is the time in-
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tervals during which each of the heat flow components contributes toward
heating of the indoor air. The heat addition through the vents occurs during
midday between 0800 hours and 1500 hours while the heat addition through
the envelope occurs during the rest of the day. Therefore, any beneficial
effect caused by the insulation in the envelope is likely to be noticed only
before 0800 hours and after 1500 hours. Consequently, figures 19d and 19e
reveal that the indoor air temperature is nearly 4 °C higher than the out-
door air temperature for the envelope without insulation while the indoor air
temperature is close to the minimum possible outdoor air temperature when
insulation is present. On the other hand, the lack of insulation turns out to
be advantageous during the midday hours as more heat is removed through
the envelope, which is also evident from the inside surface temperature being
lower than the average temperature of the indoor air. It is also noticeable in
fig. 19a that a relatively larger amount of heat is added or removed by air flow
through vents. Table 5 shows that higher values of the average heat trans-
fer coefficient, h, are obtained when there is no insulation owing to greater
temperature difference between the inside surface and the indoor air. The
east (leeward) wall inside surface directly faces the air entering through the
inlet in the west (windward) wall thereby exhibiting h values nearly 3 to 3.5

times the same for the west.

3.5.2. Heat source

The results of the indoor air temperatures with and without heat source
for summer of zone 4 and winter of zone 3 when the straw insulation is
included in the envelope are presented in fig. 20a and fig. 20b, respectively.

The “no heat source” condition is simulated by setting the internal heat
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Table 5: Overall average heat transfer coefficients on the inside surface of the different
envelope orientations.

. . h (W/m?K)
Orientation No insulation With insulation
West (windward) 3.6 3.7
East 12.5 11.2
North 5.2 4.5
South 5.0 4.4
Roof 3.6 3.0

- Tout

—-o— T, (with heat source)

-+ T,, (no heat source)
50 16

(a) Z4 Summer, with insulation

(b) Z3 Winter, with insulation

7(C)

t (hours) t (hours)

Figure 20: The effect of heat source on the indoor air temperature for summer of zone 4
(Ahmedabad) and (b) winter of zone 3 (Shimla).

generation as 0 W in the simulation setup. In the heat balance analysis
carried out for the summer of zone 4 in the previous section, it was found that
the hourly Qsource values were three to four times lesser than the )., and
Quent values for most of the day. However, the integral values over 24 hours
show that the contribution of QQguree iS comparable with the contributions
of Qeny and Quen. Figure 20a shows that the removal of the heat source
causes a maximum decrease of 0.6 °C in the indoor air temperature for the
summer conditions of zone 4. For the winter of zone 3, the same level of

decrease is observed. While the 0.6 °C drop is exhibited for a short interval
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Figure 21: The effect of reducing the air velocity at the inlet to half and quarter the
original value on the indoor air temperature for (a) summer of zone 4 (Ahmedabad) and
(b) winter of zone 3 (Shimla).

(about 4 to 5 hours) in zone 4, it is prevalent almost throughout the day in
zone 3. Although this temperature difference does not seem appreciable, it
is still comparable with the effects on the indoor air temperature caused by
the addition of insulation and therefore has an effect on the overall thermal

performance of the test room.

3.5.8. Air entry velocity

The effect of partially closing the inlet is simulated by reduced values of air
velocity applied as boundary conditions at the inlet. The results of the indoor
air temperature for the summer of zone 4 and winter of zone 3 when the
indoor air velocity is lowered by half (v;e/2) and by one quarter (vine/4)
throughout the day are presented in fig. 21a and fig. 21b, respectively. The
reduction of air velocity causes an increase in the indoor air temperature
which is detrimental for summer of zone 4 while beneficial for zone 3 winter
conditions.

The velocity magnitude depicted in fig. 22 for the summer of zone 4 shows
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Figure 22: Velocity magnitude path lines at the mid-plane perpendicular to the vents
for inlet velocities of (a) viniet (D) Vintet/2 and (¢) vinier/4 after 24 hours in the case of
envelope with straw insulation for summer conditions of zone 4.

the resultant lower air velocities in the indoor air caused by reducing the inlet
velocity by one-half and one-quarter. More air circulation is noticeable for
lower inlet velocities and these are centred at a lower height when the inlet
velocity is set as one-fourth of the original (fig. 22¢) compared to the case of
half the original velocity (fig. 22b). In terms of magnitude, apart from the
region near the vents, not much difference is observable between the two low
velocity cases, as the room cross-sectional area (9 m?) is much larger than

the vent cross-sectional area (0.16 m?).

3.5.4. Relocation of straw insulation

The choice of selecting the position of straw insulation in the building
envelope was based on the thermal analysis carried out for conditioned space
[48]. In reality, it is more convenient and easily implementable to retrofit the
straw insulation only on the outside surface of the building envelope. With
no additional insulation on the inside, shrinking of the indoor floor area is
also avoided. Considering these benefits, the effect of positioning the 10 cm
thick straw insulation on the outside is studied by comparing the resulting
indoor air temperature with the same from the configuration of 5 cm straw

placed on either side presented earlier. The comparison performed again for
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Figure 23: The effect of repositioning the straw insulation of 10 cm thickness to the outside
on the indoor air temperature for (a) summer of zone 4 (Ahmedabad) and (b) winter of
zone 3 (Shimla).

the two extreme cases of summer in zone 4 and winter in zone 3 are presented
in fig. 23a and fig. 23b, respectively.

Interestingly, at first glance, there is an indication that positioning the
straw insulation on the outside is more effective in maintaining better indoor
thermal conditions than when the straw is equally split on either side of the
envelope. There is a contrasting effect observed for the two zones. For the
summer of zone 4, repositioning of the straw causes a reduction in the peak
temperature by nearly 2 °C, but this reduction does not cause a significant
reduction in the mean temperature over 24 hours. In the winter of zone 3,
on the other hand, the maximum temperature remains the same while an
increase of 1.5 °C is caused by repositioning of the straw to the outside.

Comparing the thermal analysis of ventilated space in the current work
and conditioned space from a previous work [48] for the same representative
days of Indian climatic zones, it is clear that air low through the vents has a

major impact on the resulting indoor thermal conditions. For a conditioned
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space (with the indoor temperature maintained constant), the effectiveness of
straw insulation in greatly reducing the heating or cooling loads was beyond
doubt. This is also reaffirmed in the current work on analysing the results of
the case of inlet always closed (CLS) performed for a few conditions which
comes closest to resembling a closed space in the conditioned buildings. In
the winter conditions of zone 3, from the previous work, it was observed
that more energy savings was achievable for the configuration of insulation
equally split on either side than the configuration of insulation placed on
the outside. However, in terms of indoor air temperature in the current
work, placing straw on the outside produced slightly better results. This is
an indication that the conclusions drawn on the basis of analysis done on a
conditioned space may not strictly apply to an unconditioned space even for

a simplistic model with a single inlet and outlet.

4. Conclusions

In the current work, 3-D simulations of unconditioned space with a refer-
ence concrete envelope and a plaster protected straw insulation-based enve-
lope were performed considering different ventilation conditions during rep-
resentative summer and winter days of the various climate zones of India.

The major conclusions are:

1. With the inlet vent always open allowing for air entry and consequently
better natural ventilation in the indoor space, across the five zones over
summer and winter conditions, the ranges of the variations in the mean,
maximum, and minimum indoor air temperatures with respect to the

outdoor air temperature were +0.7 °C to +1.3 °C, -1.8 °C to +0.6 °C,
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and +0.8 °C to +2.8 °C, respectively, when there is no straw insulation
in the envelope. Similarly, with the insulation in the envelope, the
corresponding ranges of variations were 0.5 °C to +1.1 °C, -1.2 °C to
+0.2 °C, and +0.9 °C to +2.3 °C. With the removal of the internal heat
source, a maximum decrease in the indoor air temperature of 0.6 °C was

obtained which is comparable with the above temperature variations.

. A small change in the indoor air temperatures with straw insulation

when the inlet vent is always open is due to the heat transport through
the vent openings having a dominant impact on the indoor temperature
under steady transient conditions. Heat balance analysis performed
for the summer conditions of zone 4 showed that during the interval
between 0800 hours and 1500 hours, air entering through the inlet vent
is largely responsible for the heat addition to the indoor air, thus forcing
the insulation to play the adverse role of inhibiting heat removal from
the indoor air. Though the uninsulated envelope allows more heat to

enter the indoor space, it is equally good in removing the heat.

. Increasing the straw insulation thickness from 10 cm to 20 cm does

not have a significant effect on the indoor air temperature for both hot
(summer of zone 4) and cold (winter of zone 3) conditions. When the 10
cm insulation is wholly positioned on the outside, contrasting effects on
the indoor air temperature were observed for the zones 4 and 3. In the
summer conditions of zone 4, there is a reduction in the peak temper-
ature by 2 °C, but no appreciable difference in the mean temperature

over 24 hours. In the winter of zone 3, the maximum temperature is
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unaffected, while there is a reduction in the mean temperature by 1.5

°C.

. With the aim of improving indoor thermal conditions for some climate

zones, the inlet vent can be closed temporarily or throughout the day.
In summer conditions, to prevent warm air entering the indoor space,
the inlet vent is closed between 0800 hours to 1600 hours. For the case
of the straw-based envelope, the temporary closing of inlet during the
day resulted in the reduction in the peak indoor temperature by 3 °C to
4 °C in zones 2, 3, and 4. When there is no insulation present, closing
of inlet during the day has little (1 °C to 2 °C reduction in peak indoor

air temperature for zone 4) or no (other two zones) benefit.

. In winter conditions, the aim is to prevent loss of heat generated from

internal sources. Therefore, the inlet is closed between 2000 hours
to 0600 hours of the next day inhibiting the entry of colder outdoor
air. For the winter conditions of zones 2 and 4, the indoor conditions
are improved, more so with the insulated envelope, on closing the inlet
during the night. It is also clear that the thermal comfort can be further
improved if the closing of inlet is extended by two to three hours in the

morning in these two zones.

. There are situations where the inlet may be closed always. For example,

in the winter of zone 3, the entry of cold air may not be desirable
throughout the day. In this condition, additional active heating is
needed to achieve thermal comfort. With the straw insulation, the

required heating does not exceed 600 W while without insulation, at
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least 1200 W of heating is necessary. There are also other reasons
such as walls of adjacent buildings or foliage causing air entry in the
inlet to be obstructed or absent. The resulting poor natural ventilation
makes it necessary to implement additional means (passive or active)
of achieving thermal comfort. In such cases, the straw insulation is
effective in minimizing the fluctuations in the indoor air temperature
as seen from the simulation results with inlet always closed in various

zones.

. The results of the velocity path lines plotted for the indoor space show

air flow with velocities between 1 and 1.5 m/s up to a height of 1.25 m
owing to the combination of the wind-driven air entering the inlet and
the heat source. For the cases in which the inlet is closed throughout

the day, the air velocity drops to less than 0.5 m/s.

. With respect to the height of the model room, the air temperature

remains more or less uniform, varying by a maximum of approximately
1 °C without insulation and 0.5 °C with insulation. When the inlet
vent is closed, the variation in the room temperature with height is less

than 0.5 °C owing to the diminished influence of the outdoor air.

. There was a recurring trend of decrement values reduced by about half

when straw insulation was included in the envelope when compared
with that for the reference envelope. This confirms the capability of
the straw materials as an effective means of blocking heat entry through
the building envelope. However, a more appropriate representation of

indoor conditions is given by modifying the definitions of DF' and TL
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in terms of the indoor and outdoor air temperatures, for the ventilated

spaces.

In naturally ventilated buildings, the assessment of effectiveness of straw
insulation is complicated owing to variations in building design and elevation,
site terrain, presence of obstructions to wind-driven air entry, solar shading,
prevailing climate, and so on. The current work shows that occupant adap-
tation strategies can play a key role in ensuring the optimized use of straw
insulation in buildings in different climate conditions. Control of air entry
to the indoor space is an easily adoptable occupant strategy investigated in
this work and with straw insulation-based envelope some of the strategies ex-
plored through simulation analyses proved to be beneficial in mitigating the
peak indoor temperature. Nonetheless, more research is required, both ex-
perimental and theoretical, to investigate the additional complexities, which
can lead us to the improved understanding of the thermal comfort in nat-
urally ventilated buildings and the role of cost-effective insulations such as
straw in achieving it. The effect of a permeable hygroscopic plaster on the
hygrothermal performance of the envelope and more varied user behaviour

are two such complexities worth exploring further.
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s Appendix A. Supplementary data and results

Zone 1: Chennai; Summer representative day: May 15
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Figure Al: The five-year averaged data for summer of zone 1 used as input in the simula-
tion analysis: (a) Outdoor ambient temperature (75,¢) and wind speed (V,,), (b) the radi-
ation components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNT)
and Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts,;) calculated for
each surface.

Zone 1: Chennai; Winter representative day: December 15
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Figure A2: The five-year averaged data for winter of zone 1 used as input in the simulation
analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radiation
components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and
Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts.;) calculated for each
surface.
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Zone 2: Jaipur; Summer representative day: May 15
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Figure A3: The five-year averaged data for summer of zone 2 used as input in the sim-
ulation analysis: (a) (a) Outdoor ambient temperature (T,y:) and wind speed (V,), (b)
the radiation components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance
(DNI) and Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Tso;) calcu-

lated for each surface.

Zone 2: Jaipur; Winter representative day: January 15
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Figure A4: The five-year averaged data for winter of zone 2 used as input in the simulation
analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radiation
components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and
Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts,;) calculated for each

surface.
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Zone 3: Shimla; Summer representative day: May 15
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Figure A5: The five-year averaged data for summer of zone 3 used as input in the simula-
tion analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radi-
ation components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI)
and Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Tso;) calculated for

each surface.

Zone 3: Shimla; Winter representative day: January 15
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Figure A6: The five-year averaged data for winter of zone 3 used as input in the simulation
analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radiation
components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and
Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts,;) calculated for each

surface.
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Zone 4: Ahmedabad; Summer representative day: May 15
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Figure A7: The five-year averaged data for summer of zone 4 used as input in the simula-
tion analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radi-
ation components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI)
and Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Tso;) calculated for

each surface.
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Figure A8: The five-year averaged data for winter of zone 4 used as input in the simulation
analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radiation
components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and
Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts,;) calculated for each

surface.
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Zone 5: Bengaluru; Summer representative day: April 15
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Figure A9: The five-year averaged data for summer of zone 5 used as input in the simula-
tion analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radi-
ation components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI)
and Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Tso;) calculated for
each surface.
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Figure A10: The five-year averaged data for winter of zone 5 used as input in the simulation
analysis: (a) Outdoor ambient temperature (Tp,:) and wind speed (V,,), (b) the radiation
components, Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and
Global Horizontal Irradiance (GHI) and (c) sol-air temperatures (Ts,;) calculated for each
surface.
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