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ARTICLE INFO ABSTRACT

Keywords: Enhanced energy conservation strategies often involve tightly controlled ventilation flow rates. However, stra-
CFD_ ) o tegies that don’t carefully consider ventilation rates can, in certain contexts, result in inadequate ventilation,
Auditorium ventilation with increased risks of poor indoor environmental quality and user acceptance. These design challenges are often

Thermal comfort exacerbated in non-domestic buildings with highly dynamic occupancy patterns. This study used computational

nZEB . . ) . . . . .
IEQ fluid dynamics, supported by field measurements, to investigate the relationship between zonal supply air
Overheating strategies and thermal comfort in the George Davies Centre, Leicester University, which is the largest non-

domestic certified Passivhaus building in the UK. Ventilation strategies involving mechanical ventilation oper-
ating with heat recovery turned on and off, and natural ventilation systems were investigated in relation to their
ability to maintain thermal comfort in an auditorium space characterised by high internal heat gains and tiered
seating. The results show that, depending on the selected thermal comfort criterion, a thermally comfortable
environment could be achieved when incoming air is in the range of 9-26 °C for mechanical ventilation with heat
recovery and 17-29 °C for natural ventilation. These temperatures are referred to as ‘limiting operating tem-
peratures’ in the paper. The work showed that in a temperate climate, thermal comfort could be maintained, for
up to 80% of the year, using mixed mode ventilation, without space conditioning, in combination with intelligent
design and control strategies. Operating in natural ventilation mode also provided increased fresh air supply
capacity, a finding which is particularly relevant in the context of mitigating airborne viral transmission.

1. Introduction

In response to anthropogenic climate change, there is a growing
trend towards countries tightening their building regulations and
introducing advanced building performance standards [1,2]. In 2020,
non-domestic building energy consumption accounted for 16% of the
UK’s total final energy consumption [3]. Predictions across the Euro-
pean Union (EU) stock indicate that HVAC related energy consumption
in buildings is likely to rise by around 50% within 15 years. A substantial
component of this increase is attributed to the growth in the use of
air-conditioning [4]. The increasing risks of overheating in
non-domestic buildings is well documented in Europe [5], the UK [6],
China [7], United States (US) [8] and Latin America [9,10]; yet, there is
a lack of literature on how to prevent overheating in highly energy
efficient non-domestic buildings. Two ostensibly different low-energy

design concepts: Passivhaus and natural ventilation (NV) offer the po-
tential to significantly reduce HVAC related energy demand and
green-house gas (GHG) emissions from non-domestic buildings. The
Passivhaus concept has strict energy compliance limits [11] that can be
achieved by employing a low heat loss building fabric, typically coupled
with mechanical ventilation with heat recovery (MVHR) which aims to
capture a high percentage of the waste heat from the ventilation system.
In contrast, NV has been widely established as an effective means of
providing a thermally comfortable environment in non-domestic
buildings either when used in isolation [12] or in conjunction with
mechanical ventilation (MV) [13]. However, NV solutions employ
naturally occurring forces of wind and buoyancy (temperature differ-
ence) to supply fresh air ventilation but typically lack any feasible means
of recovering waste heat.

Studies in the domestic Passivhaus sector have shown that in

Abbreviations: CFD, Computational Fluid Dynamics; nZEB, near Zero Energy Building; IEQ, Indoor Environmental Quality.
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temperate climates Passivhaus buildings may be vulnerable to poor
ventilation design and overheating [14-19]. Sub-optimal MVHR design
and installation [20] combined with a lack of user knowledge and
guidance in relation to the operation of such units [21] are often cited as
reasons why such systems fail to work as intended. When these short-
comings are combined with the capital and maintenance costs of
continuously running an MVHR system, as well as the net primary en-
ergy [22] and much greater embodied energy and floor space that such
systems require [23] the use of NV appears to be a strong candidate to
either replace or augment MVHR in many non-domestic Passivhaus
buildings and near zero energy buildings (nZEB). This is particularly so
in temperate and warm climates where the energetic and carbon saving
benefits of using heat recovery ventilation systems are reduced [24] but
also in educational buildings, and other buildings characterised by
intermittent occupancy with relatively high occupant heat gains [25].

Moreover, the requirement for MVHR in different climatic conditions
for domestic Passivhaus buildings has been questioned by several
studies [18,26], which raises the question of whether further investi-
gation of these issues is warranted in the non-domestic building context.
To date there has been limited research in the context of non-domestic
Passivhaus buildings, especially in the UK climate. The need for
further work in this area was highlighted by Wang et al. [21], who
concluded that research into the thermal stratification of buoyancy
driven ventilation systems for Passivhaus buildings in the UK climatic
context is required, due to the pronounced effect of thermal stratifica-
tion on thermal comfort (which is unaccounted for in steady state energy
models such as the Passive House Planing Package (PHPP)). Moreover,
since non-domestic buildings have complex spatial and servicing re-
quirements, it is often challenging and expensive to retrofit ventilation
systems into those buildings. Thus, a robust understanding of the indoor
environmental quality (IEQ) resulting from the use of NV, mechanical
ventilation (MV) and MVHR (as well as mixed-mode operational op-
tions) is essential for making informed decisions at the early design
stages.

Auditoria are considered to be onerous spaces from a design
perspective, particularly in relation to satisfying their acoustic [27,28]
and thermal comfort requirements [29]. A number of factors contribute
to the challenge of achieving good IEQ in such spaces, including: the
presence of significant thermal stratifications and cold draughts in the
occupied zone, which occur because of intermittent and high-density
occupancy conditions, variable ceiling heights and the typical
displacement ventilation system design used in such spaces [30,31].

In the context of designing low energy auditoria, these challenges are
arguably even more pronounced. Historically a number of studies [12,
32-34] have emphasised the benefits of using stack ventilation in
naturally ventilated auditoria design. More recently Ahmad et al. [35]
looked at ways to increase both energy efficiency as well as the IEQ in a
mechanically ventilated auditorium with air conditioning using
different (ceiling and floor level) air outlet positions and concluded that
under-seat extraction led to improved thermal comfort. Cao et al. [36]
investigated the thermal comfort of a NV auditorium space in a warm
climatic region of China, using post-occupancy thermal sensation voting
surveys, and concluded that occupant satisfaction levels around 70%
could be achieved. Notably however, the study was based on surveys
conducted during the autumn and the level of satisfaction might be
expected to change during the warmer and cooler periods, which points
to the need for longitudinal assessments of thermal comfort. In a study of
auditoria using computational fluid dynamics (CFD), Wan et al. [31],
observed a significant temperature stratification (up to 4 °C between
ankle and head heights) due to the use of an underfloor displacement
system. They concluded that the temperature stratification would be
reduced significantly when the underfloor displacement system was
supplemented with a ceiling mounted displacement system. However,
the authors found that the flow rates of the new system had to be tightly
controlled to achieve the thermal comfort targets without increasing the
energy requirement. Despite such insights, a common problem with
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many of the existing studies on auditorium spaces is that their findings
are difficult to generalise since they are often predicated on a specific
design context and/or climate.

To the authors’ knowledge there have been no studies on auditoria
ventilation conducted in buildings designed to meet the stringent Pas-
sivhaus criteria. Such studies are urgently needed, in the transition to
nZEBs, because the design constraints of Passivhaus and ultra-low en-
ergy auditoria (where there is often no, or little, auxiliary heating and
cooling within the space) are likely to be significantly different to more
conventional low-energy approaches. Moreover, whilst a number of
studies have considered the issues of both natural and mechanical
ventilation in isolation, there is only limited work investigating the
possibility of combining these methods into a mixed-mode low-energy
auditoria ventilation strategy. In the past decade, only a few studies
were conducted on auditoria using mixed-mode ventilation. One of
these studies, Thomas [37], conducted a post-occupancy thermal com-
fort survey in three buildings located in Australia and four buildings
located in India. Within those buildings, only one of them (located in
India) had an auditorium space in the building. Although the specific
results were not presented space by space, the overall results showed
that the buildings employing a mixed-mode approach achieved the best
thermal comfort and productivity results in the surveys. However, the
outdoor temperature range between warmer and colder seasons in those
countries does not vary as greatly as the UK and other European coun-
tries, rendering their results less applicable to other dissimilar climates.
Another post-occupancy study, Ali et al. [38], investigated the effect of
using ceiling fans in conjunction with windows on thermal comfort in
Nigerian auditoria spaces during the hot season. The results from the
two auditorium spaces investigated showed that the use of ceiling fans in
conjunction with opened windows improved the thermal conditions of
the space to a certain extent. However, it could be argued that the
suggested mixed-mode system (i.e. ceiling fans in conjunction with
openable windows) might not be as effective as a displacement
mixed-mode system capable of operating under a wider range of con-
ditions, however alternative strategies were not tested. Finally, Ricciardi
et al. [30], investigated the thermal comfort, in an historic auditorium
space in Italy, using questionnaires along with temperature measure-
ment, where the occupants were seated at different heights within the
building. They concluded that while the building was mechanically
ventilated and heated, the temperature difference at different heights in
the occupied zone was up to 7 K causing 90% of the occupants in the
higher level seats to be disstisfied according to thermal sensation votes
due to warmer temperatures. However, when the building was operated
in NV mode, the thermal stratification was found to be less proununced
(i.e around 1.5 K) resutling in increased thermal satisfaction. Given that
this study was conducted in a building with a relatively high heat loss
envelope, the thermal stratification might be even more pronounced in a
building with a low heat loss envelope.

In light of some of the gaps in the knowledge identified above, this
study investigated the indoor environmental performance of NV, MV
and MVHR systems in a UK Passivhaus auditorium (section 2.1) under
various outdoor temperature, occupant density and ventilation sce-
narios. Although the study was conducted prior to the SARS-CoV-2
pandemic, the implications of the findings in relation to the trans-
mission of airborne pathogens are raised in the discussion section. The
specific aim of the work was to establish external limiting operating
temperatures (LOTs) for each type of ventilation system when used
individually and in combination (i.e. a mixed-mode configuration), and
to quantify the percentage of thermally comfortable occupied hours
corresponding to those operating temperatures, for various UK climatic
locations. In this study, the term ‘LOTs’ refers to the intake air tem-
peratures (i.e. the external air temperature range) that would be
required to maintain a thermally comfortable environment under any
given ventilation regime, without the use of active heating and cooling
technologies. The LOT ranges, needed to maintain acceptable thermal
comfort, are determined for each ventilation scenario along with the
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corresponding zonal boundary conditions. Subsequently, the LOTs
derived by CFD are compared with the seasonal distribution of UK
outdoor temperatures, in order to establish the likely acceptability of the
various protocols in specific geographic contexts from a thermal comfort
perspective. Part of this process involves the identification of over-
heating risks when outdoor tempertures exceed the LOTs and assessing
the efficacy of potential mitigation strategies, as demonstrated by this
study.

2. Methods

A combination of advanced numerical simulation methods and field
measurements were used for modelling the ventilation system and
thermal comfort analysis in this research. The spatial temperature dis-
tribution in the case study building’s auditorium was predicted using
CFD software, with realistic boundary conditions taken from field
measurements. The CFD predictions were subsequently validated in
comparison to in-situ temperature measurements recorded in the case-
study auditorium. A series of different scenarios were then simulated
(section 2.4) using the validated CFD model to investigate the thermal
comfort levels resultant from a variety of different ventilation strategies
including NV, MV, and MVHR. This analysis included investigation of a
range of design parameters including different fresh air supply rates (for
MV), different opening sizes and positions (for NV), quantity of supply
and exhaust terminals/openings (for MV and NV), occupancy densities,
and supply air temperatures (for MV and NV). From this parametric
analysis it was possible to understand the LOT ranges for various com-
binations of these parameters. Subsequently, the LOTs were compared
with the UK outdoor temperatures to derive the percentage of thermally
comfortable occupied hours for specific geographic locations. This
analysis was carried out in accordance with the respective national and
international thermal comfort standards ASHRAE Standard 55 [39],
Building Bulletin 101 [40], and CIBSE Guide A [41]. Following the CFD
simulations, a number of design interventions were suggested for
extending the LOTs of the ventilation systems, therefore increasing the
energy efficiency of the space whilst providing a thermally comfortable
environment.

2.1. The case study building

The case study building was the George Davies Centre (formerly
known as the Centre for Medicine) at Leicester University, in the UK
Midlands (Fig. 1, Left). This building was unique at the time of this study
for being the largest non-domestic certified Passivhaus Building in the
UK. The auditorium space (Fig. 1, Right) was chosen for investigation
due to the complex ventilation design challenges posed by its tiered
seating, transient occupancy, and high internal heat gains.
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2.2. Experimental set-up and field measurements

In this study, the indoor air temperature distribution of the audito-
rium was monitored under occupied conditions, for a three-day period
(which represented the typical occupant density of the space) using
HOBO™ pendant temperature loggers. According to the manufacturer’s
specifications, the temperature loggers have an accuracy of +0.5 K for
the measurement of indoor air temperatures. Prior to installation, the
accuracy of all temperature loggers was checked to confirm the manu-
facturer’s data, using a temperature-controlled water bath in the
Loughborough University laboratories. Following this calibration,
twenty-nine HOBO™ pendant temperature loggers were installed at
various positions within the domain. The layout of the space and the (x,
y,z) coordinates of the sensors are given in Fig. 2 and Table 1 respec-
tively. The locations of the loggers were chosen to capture a realistic
three-dimensional representation of the spatial temperature distribution
in the room. The loggers recorded the temperature data at a 10-min
sampling frequency.

2.3. Computational fluid dynamics modelling for validation

In the MV mode, the air is supplied to the auditorium by a decen-
tralised air handling unit (AHU) located in the services room of the
building. The air supplied by the AHU fills the large plenum (beneath the
tiered seating) and then the air passes through the under-seat inlets
(located in the risers) before flowing into the occupied space. Then the
air in the occupied space moves upwards and passes through the sus-
pended ceiling (via 40 x 40 cm diffusers and perforated suspended
ceiling panels) filling the suspended ceiling void above. Finally, the air
in the suspended ceiling is extracted out of the room by the extract fan
connected to the large outlet located at the AHU (Fig. 3). In NV mode,
the air is induced to move through the space mainly by the buoyancy
forces generated by the internal heat gains. The location of the under-
seat inlets remains unchanged in the NV mode. The auditorium uti-
lises a ventilation system which may (theoretically) be driven either by
displacement MV or NV stack forces.

The modelling work in this study was conducted under steady state
conditions. The field measurement results showed that the space ach-
ieved a steady state condition (i.e. stable indoor air temperatures) at
around 50 min from the start of the first 2 h morning lecture (Appendix,
Table A2) with stable ventilation parameters (i.e. ventilation flow rates
and air temperatures) justifying the use of steady state boundary con-
ditions in the modelling. Furthermore, the modelling results also showed
that, the monitored spot values in the CFD validation model solver
reached steady state values while the residual errors dropped below the
required thresholds (Appendix, Fig. A.1), highlighting the attainment of
the steady state CFD solution.

The vertical temperature distribution within the case study

Fig. 1. The George Davies Centre, Medical School Building, at Leicester University, UK (left), and the case-study (lecture theatre 1) auditorium space (right).
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Table 1

Locations of the sensors in the auditorium (to be read in conjunction with Fig. 2).

Sensor Distance from wall A Distance from wall B Distance from wall C Distance from wall D Distance from ceiling 1 Distance from ceiling 2
D [m] [m] [m] [m] [m] [m]
H-03 - 6.95 3.82 - 5.23 -
H-04 2.19 0.00 - - - 1.54
H-05 4.35 - - 2.95 - 2.66
H-07 - - 8.83 4.10 - 4.60
H-08 4.36 4.10 - - - 2.65
J-01 - - 5.52 291 4.75 -
J-02 7.00 - - 0.00 - 2.19
J-03 5.26 4.09 11.31 - - 3.45
J-04 3.00 - - 0.00 - 0.49
J-05 2.7 0.53 - - - 2.39
J-07 6.97 - 12.37 - - 2.90
J-09 4.05 0.00 - - - 0.63
KC-1 - 7.00 13.46 - - 1.63
KC-4 4.40 0.53 - - - 3.03
KC-7 1.20 - - 1.14 - 0.00
KC-9 1.70 0.00 - - - 0.47
M3 - 6.27 5.92 - 4.89 -
M4 - - 6.38 2.92 4.05 -
M5 - 6.00 9.02 - - 4.45
RJIN-10 - - 11.40 291 - 3.50
RJIN-4 - 2.69 3.69 - 5.68 -
710 - 0.53 7.19 - - 5.04
Z14 6.97 2.93 - - - 3.71
716 - 2.92 8.80 - - 4.60
718 - 6.27 5.92 - 4.03 -

Z3 2.60 - - 1.95 - 2.45
74 1.53 1.60 - - - 0.00
76 - 0.00 6.20 - 2.48 -

77 - - 9.70 4.10 - 3.73

building’s auditorium was predicted, using PHOENICS CFD software
[42]. In this study, the standard k-e (kinetic energy (k) and its dissipa-
tion rate (e)) 2-equation turbulence model [43] was used for the MV
scenarios. Launder and Spalding [43] suggest that the k-¢ model is
effective in modelling an auditorium ventilation system as a result of the
close agreement between predicted and measured air velocity values in
a case study performed by Nielsen [44]. Furthermore, Zhang and Cheng
[45] effectively predicted airflow in a room with an underfloor air dis-
tribution system using the k-e model. The success of various k-¢ models
was also demonstrated by Yang [46] as a result of the investigation of
mean air flow rates through a naturally ventilated building. Although
the standard k-e model was also found by Wash and Leong [47] to be the
most effective of the k-e¢ models for modelling the turbulence in natu-
rally ventilated spaces, in this study, convergence difficulties were
encountered when using the k-e model with natural ventilation. As a
result, the LVEL model was used for the NV scenarios. The LVEL model is

an algebraic model requiring the distance to the nearest wall (L), the
local velocity (VEL) and the laminar viscosity. The LVEL model
approach has been shown to yield similar results to the k-¢ model by
CHAM [48] and Dhinsa et al. [49].

A simplified rectangular occupant geometry was used in the model
(Fig. 3) in order to achieve an acceptable mesh quality and element
numbers whilst making the CFD solution feasible and stable, in terms of
convergence and computational expense. The use of the simplified
occupant geometry in the model was thought not to result in inaccurate
air temperature predictions in the regions of interest, around the occu-
pants, since the simulation predictions were shown to be comparable
with the field measurements under occupied conditions.

In the CFD models, the walls were largely modelled with an adiabatic
boundary condition. The reason for this is that the modelled space had
only one exposed external wall (wall B) and during the field measure-
ments the air temperature difference between the outdoor and indoor
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i

occupants

Fig. 3. CFD model showing a perspective view of the principle ventilation components of the auditorium.

wall surfaces was less than 3 °C. More importantly, since the building
was a Passivhaus building (using highly insulated walls to minimize
conductive heat transfer) and the auditorium space lacked windows, the
assumption of the indoor air temperature being approximately equal to
the wall surface temperatures is well justified. However, unlike the wall
surface temperatures, some objects within the space (i.e. occupants,
lights and audio and visual equipment) have considerably different
radiant surface temperatures than the dry-bulb air temperature. In order
to incorporate the radiative heat exchange component from these ob-
jects into the models, heat fluxes into the domain sourcing from the top
of the tables, ceiling and some parts of the walls (e.g. those hosting audio
and visual equipment) were added to the models. The radiative heat
gain component of the lights was attributed to the tabletops, whilst the
radiative heat gains from the occupants and audio and visual equipment
were attributed to the closest surfaces with a direct view factor.

In preparing the CFD model for validation, boundary conditions
taken from the field data, manufacturers specifications, the literature,
and design guides were used to derive the key parameters (Table 2). The
fresh air supply rate and its temperature were not available for each
inlet. Therefore, the total fresh air supply rate from the AHU was sub-
divided equally into the number of inlets. It was assumed that the
fresh air temperature at the inlets was equal to the fresh air off-coil
temperature at the AHU. These assumptions were justified due to the
well-insulated supply ductwork, relatively small temperature difference
between the supply air and the internal distribution space temperatures,
and the direct and relatively short air flow path linking the AHU to the
inlets via the large supply plenum.

A hexahedral mesh was used in this study, and it was manually
modified to improve the mesh quality, avoiding mesh elements with
high skewness, high aspect ratio, and poor orthogonality (Fig. 4a). Each
air inlet and outlet was represented with a mesh cell number propor-
tional to their opening cross-sectional areas (Fig. 4b).

A mesh independence study was performed by generating meshes
with 2.13, 3.37, and 7.1 million computational cells. The outlet flow rate
was monitored for each simulation run, and it was shown that all three
mesh options yielded the same outlet flow rate with differences in the
range of 10® m3/s Therefore, from a computational efficiency
perspective, the coarse mesh (i.e. the mesh with 2.13 million cells) was
selected for this study. The coarse mesh solver time for each simulation
was about 27 h when running on a laptop computer with an Intel i5 (2
core) processor and 8 GB of RAM. The CFD solutions were assumed to be
converged when the domain energy and mass imbalances were less than
1%, the root mean square (RMS) residuals of the transport equations
were less than 107> and the monitored values (air temperature, air speed
and velocity, air pressure and turbulence components) at six locations
within the domain were steady (e.g. changes in variables between

Table 2
Boundary conditions for validation simulation.

Sensible Internal Heat Gains [W]

Modelling Parameter Value Reference Source
Male occupants 90 CIBSE Guide A, 2021
Female occupants 78 CIBSE Guide A, 2021
Average occupant heat gains 84

(50% male and 50% female
assumed based on the field

observations)
Each LED luminaire (Total of 55 22 Manufacturer
LEDs)
Tablet (electrical appliance) for 3 Manufacturer
each occupant
Audio and visual equipment 1000 Manufacturer
Fresh Air Supply
Supply temperature 18.3°C Building Management
System (BMS)
Supply air flow rate from each 2591/s (Total Air Flow Rate
inlet from BMS divided by

#inlets)

Inlets and Outlets

Exhaust opening above 1.15m x 145m Facility Management
suspended ceiling (FM)

Rectangular ceiling diffuser 40 cm x 40 cm Manufacturer
dimensions

Rectangular ceiling diffuser
discharge coefficient

0.61 (Representing
sharp edged orifice)

Literature [50],

Perforated ceiling discharge 0.193 Estimate
coefficient

Exhaust flow rate 3.9m%/s BMS

Number of Under-Seat Inlet 150 Site Inspection

Size of Under-Seat Inlet 11 cm X 24 cm Site Inspection

iterations were less than 0.1%).

2.4. Computational fluid dynamics modelling scenarios for identification
of natural and mechanical ventilation limiting operating temperature
ranges

In order to assess the thermal comfort performance limits of the NV
and MV systems, 34 different ventilation scenarios were modelled.
Scenarios were created for typical occupancy at 68% capacity (n = 220
people/84 W/m?) as observed in field studies and at full capacity (n =
324 people/124 W/m?). These scenarios were then simulated with
different supply (MV) or outdoor (NV) air temperatures, supply air flow
rates (MV), opening sizes and positions (NV), and number of inlet and
outlets (MV and NV) (Appendix, Table A1). The total number of sce-
narios (n = 34) required to explore the LOT ranges of the ventilation
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Fig. 4. Mesh elements demonstrating the low aspect ratio, high orthogonality, and low skewness properties of the general mesh (left), the number of mesh elements
(8 for the inlets and 28 for outlets) used to represent ventilation terminals proportional to their sizes (middle and right).

solutions was decided upon based on the design parameters. For
instance, supply air temperatures and effective opening areas for both
occupancy densities (i.e. n = 324 and n = 220) and ventilation options
(i.e. MV and NV) were explored (i.e. gradually increased or decreased)
until the tested configuration was not able to provide a thermally
comfortable environment without the need for active heating and
cooling. Detailed visual illustrations of some of the key scenarios (Ap-
pendix, Table A1) highlighting specific ventilation design and operation
interventions (such as varying the suspended ceiling opening percent-
age, inlet and outlet opening sizes and number of inlet and outlets) are
reported in section 4 (Figs. 12 and 13). These particular scenarios aimed
to investigate means to extend the LOT ranges through design and
operation.

2.5. Thermal comfort performance criteria

The performance of the NV, MV and MVHR systems were bench-
marked against three national and international thermal comfort per-
formance indices. ASHRAE Standard 55:2017 [39], which is referred to
as criterion one in this study, was chosen as it provides a robust standard
for free running buildings by accounting for the adaptive behaviour of
occupants. The equation for the allowable operative temperature limits
within the 80% acceptability limits (i.e. the temperature limits wherein
80% of the occupants would be thermally comfortable) is given by the
following formula:

Ty =031%Tpp,, + 17.8 £3.5 (€D)]

where.

To = Acceptable operative temperature range (at the 80% accept-
ability limits) [°C]; and
Tpp,m = Monthly Mean Outdoor Air Dry-Bulb Temperature [°C].

Note that the operative temperature term in equation (1) refers to the
average of the air and mean radiant temperatures in the auditoria and it
is not the same as the LOT term we have introduced in this study.

One of the UK non-statutory guidance documents, Building Bulletin
101:2018 [40] which is widely used to define acceptable indoor envi-
ronmental conditions in educational buildings (in relation to over-
heating), was used to define criterion two in this study. BB101 specifies
that two of the following three requirements must be met.

1. The average indoor to outdoor air temperature difference should not
exceed 5 K (in summer);

2. Indoor air temperature should not exceed 28 °C for more than 120 h
in a year; and

3. When the space is occupied, the maximum indoor air temperature
should not exceed 32 °C.

In this study only requirement three was tested.

UK design standard, CIBSE Guide A:2021 [41] which is identified as
criterion three in this study, provided a similar approach to criterion one,
where the comfort temperature band (“Bands within which comfortable
conditions have been found to lie are shown in relation to the running mean
outdoor temperature.” [40, p. 1-14] is given by the following formula:

Ocom = 0.33%6,,, + 18.8 £ 3.5 2

where.

B.om = Comfort Temperature [°C]; and
6m = Running Mean of Daily Mean Outdoor Air Temperature [°C].

If the maximum and minimum temperatures in the scenarios
modelled by CFD complied with the acceptable temperature ranges
defined by the above standards, then the ventilation case was deemed to
“pass”, and otherwise “fail”. Due to the uncertainties inherent in the
modelling process, a tolerance factor of +0.5 K was applied to the upper
and lower temperatures boundaries of the thermal comfort criteria
respectively before assessing the CFD predicted temperatures. This value
(i.e. £0.5 K) was selected as it is the magnitude of the mean absolute
error (MAE) between the CFD predicted and the measured temperature
values (Fig. 6). In addition to assessing the above criteria, evaluation of
localised thermal discomfort was considered by examining the temper-
ature gradient from ankle to head level when the occupants were in
seated positions. In accordance with CIBSE Guide A:2021 the vertical
temperature gradient should not exceed 3 K in order to keep the Pre-
dicted Percentage Dissatisfied (PPD) index below 6% (BS EN ISO
7730:2005 [51]).

It should be noted that the aforementioned ASHRAE and CIBSE
criteria use the operative temperature as the benchmark temperature,
whereas the CFD model does not include an explicit radiation balance
model and predicts dry-bulb air temperatures. However, the difference
between dry-bulb and operative temperatures was considered to be
negligible in the context of this study (as previously mentioned) due to
the presence of highly insulated walls, with only one external facade
(and relatively mild external temperatures) and the absence of windows
on the external facade.

2.6. Climate analysis of the UK

A frequency distribution of UK outdoor air temperatures was created
(Fig. 5) in order to make a comparison with the MV and NV LOTs. The
result of the comparision was then used to determine the percentage of
thermally comfortable occupied hours, for the UK climate, without the
use of active heating and cooling systems for each tested scenario. This
method was adopted as it was not feasible (due to the computational
expense) to perform transient CFD simulations covering a whole year
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with different occupancy and ventilation configurations.

International Weather for Energy Calculation (IWEC) weather files in
the Energy Plus database [52] were used to create the outdoor tem-
perature frequency distribution of the UK locations studied. IWEC was
an ASHRAE project for creating simulation weather data that is derived
from a 17-year historic record, spanning from 1982 to 1999 [52]. Five
regions from the Energy Plus database were selected for a broad rep-
resentation of the UK climate: London (Gatwick Airport), Birmingham

Airport, Sheffield (Finningley), Edinburgh (Leuchars), and Aberdeen
(Dyce Airport). Since the results of this study are intended to be gen-
eralisable for various non-domestic building types with similar charac-
teristics (i.e. high internal heat gains and mixed mode ventilation
systems) and various operational schedules (e.g. lecture, cinema and live
performance theatres), the climate data was differentiated for 8-h (i.e.
09:00-17:00) and 24-h operational schedules. The climate data was
grouped in 3 K temperature bands so that a temperature frequency
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distribution could be determined for each location and operating
schedule. The frequency distribution approach used was preferable to
weighting all outdoor temperatures equally since logically the extreme
temperatures only occur during a small proportion of the occupied hours
throughout the year. Weighting all outdoor temperatures equally would
yield a ventilation design meeting the demands under extreme tem-
peratures as well, without considering the frequency of their occurrence.
In a predominantly temperate climate this approach would result in an
inefficient ventilation system design.

The climate analysis confirmed that the number of extreme tem-
perature hours were relatively low in comparision to the total hours in a
given weather year (Fig. 5). Since the IWEC climate data set used in this
study is based on historic records and the literature states that warmer
extreme temperatures are expected in the future, due to climate change
[53,54], temperatures at the cold end of the spectrum (i.e. < —3 °C)
were excluded from the original IWEC database. Conversely, low fre-
quency but warmer outdoor temperatures (i.e. > 24 °C) are increasingly
likely in the UK [55] and were therefore retained for the analysis.

3. Results
3.1. Validation of the CFD model

In order to validate the CFD model, the CFD temperature predictions
were compared with field temperature measurements from the case-
study building (Fig. 6). Temperature comparison was the preferred
validation metric in this study since the temperature is the main
parameter of interest to assess the LOTs of the various ventilation
configurations.

The relatively small discrepancy (mean absolute error (MAE) 0.5 K)
between the CFD predicted and measured results (Fig. 6) can be
explained by measurement uncertainties. The error bars shown on the
measured values represent only the manufacturers stated instrument
accuracy (i.e. £0.5 K), but not any other experimental related un-
certainties. The majority of the measured values tend to be slightly
higher than the calculated values which can be attributed to the inclu-
sion of radiative heat exchange (between sensors and surrounding sur-
faces with higher temperatures, such as occupants and lights). While the
measured values were influenced by the radiative heat exchange
occurring within the sensor’s field of view, the predicted values only
partly accounted for these effects due to the simplified solution used for
radiative heat exchange. Moreover, any errors in geometric measure-
ments taken in the field and inconsistencies between the geometry of the
actual building and the architectural plans (which were used in creating
the CFD geometry) also played a contributing role in these uncertainties.
In relation to the distance between the ceiling and floor, differences from
10 cm to 30 cm were found between the model and the site. The reason
for this measurement discrepancy was that the heights of the tiers in the
plans (used in creating the model geometry) were different to the as-
built configuration. Based on a ceiling height of 8.15 m, the magni-
tude of this error was between 1.2% and 3.7% in the Z-axis. Further-
more, simplifications and assumptions that were made in the CFD model
geometry in order to reduce the mesh size and improve the mesh quality,
contributed to this uncertainty. Additionally, simplifications in certain
assumptions, such as: the assumption of uniform occupancy distribution
(under part-occupancy conditions), the division of the total air flow rate
equally between inlets, the assumption of supply air temperature
measured at the AHU location being the same at supply inlet locations,
and the assumption about the pressure loss coefficient assigned to the
perforated ceiling are expected to contribute to the overall uncertainty.
Finally, the CFD simulation tool itself has a relatively small degree of
uncertainty due to computer rounding, iterative solution methods, and
discretisation errors [56,57]. Considering all of the above-mentioned
uncertainties, the measured and predicted values were considered to
be in good agreement (Fig. 6).
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3.2. Limiting operating temperature ranges of natural and mechanical
ventilation, and mechanical ventilation with heat recovery systems, in the
UK climate

The validated CFD model was used to simulate the scenarios in
Table A1 (see Appendix) and the results were analysed using the thermal
comfort performance criteria in section 2.5 to determine whether a
ventilation scenario was viable or not (Fig. 7). Additionally, the
extended range of operating conditions (expressed as a temperature
range) that an HR system would provide for the winter cases was
calculated using the conservation of energy principle at the heat re-
covery terminal, based on the MVHR operating at a stated efficieny of
75% (which is the minimum efficiency required for compliance with the
Passivhaus standard).

The findings indicated that NV is capable of extending the summer
LOT range by 3 K-6 K for all the tested comfort criteria as a result of
providing higher fresh air flow rates compared to MV (Fig. 7). Inter-
estingly, the use of NV also extended the winter LOTs by 3 K under full
occupany conditions (i.e. n = 324 occupants) according to the thermal
comfort criteria two (BB 101) and three (CIBSE Guide A) when
compared with MV without heat recovery. This was as a result of the
ability of the NV to match the MV performance in providing the
threshold requirement for fresh air (8 1/(s.person)) by reducing the
effective opening sizes and changing the opening locations accordingly
(as detailed in section 3). Compared to the NV mode, MV provided better
performance in only two situations, the n = 220 and n = 324 occupancy
scenarios when benchmarked against criterion one. In these two cases,
MV extended the winter LOTs by 3 K. However the effect of the 3 K
extension of the winter LOT range had a more pronounced effect on the
percentage of thermally comfortable hours compared with the extension
of the summer LOT (as shown in the NV cases). The reason for this is that
the UK is a heating dominated climate. Additionally, when HR was
added to the MV mode, the winter LOTs were further extended from 3.4
K to 8 K compared to the NV. Nonetheless, using MV (with or without
HR), occupants were more prone to local thermal discomfort (as shown
by lightning bolt symbols in Fig. 7) compared to the NV set-up due to the
vertical temperature stratification exceeding 3 K from ankle to head
height in a seated position. In the NV scenarios tested, no local thermal
discomfort was observed in association with the temperature stratifi-
cation since the temperature gradient from ankle to head levels
remained less than 3 K.

The CFD predictions were able to give significant insights into the
general performance of NV, MV and MVHR systems for various outdoor
temperature ranges making the results extensible to comparable cli-
mates. However, to quantify the performance in the context of the UK
climate, ventilation system LOTs (from Fig. 7) needed to be compared
against a frequency distribution of the UK outdoor temperatures (Fig. 5).
As a result of this comparison, the capability of NV, MV and MVHR, to
provide a thermally comfortable environment for occupants (were the
auditorium to be located in different cities) according to operational
schedules (i.e. 8 or 24 h) is expressed as percentages of thermally
comfortable occupied hours in Fig. 8 (for n = 220 occupants) and Fig. 9
(for n = 324 occupants). In order to highlight the potential energy
savings when no active heating and cooling systems are used, it should
be stressed that 1% of the occupied hours equates to 88 h in a 24-h and
22 h in an 8-h operating schedule.

The results showed that NV has the largest potential for application
in warmer locations (e.g. London) and the least in colder (e.g. Edin-
burgh/Aberdeen) cities. This finding was expected in a temperate
climate since NV was found to extend the summer LOTs, and warmer
outdoor temperature hours are more common in the South of the UK
compared to the North. Furthermore, it can be seen that NV performed
poorly compared to MV in relation to performance criterion one, but it
performed better in criteria two and three (Figs. 8 and 9). Evaluation of
the total thermally comfortable occupied hours in Figs. 8 and 9 showed
that, the thermally comfortable hours, using NV according to criterion
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one, were about 90% less compared to the use of MV. However, when
evaluated according to criterion 2 and 3, NV provided 15% more ther-
mally comfortable hours compared to MV. This can be explained by
virtue of the fact that criteria two and three have more relaxed re-
quirements for upper temperature ranges than criterion 1. Expectedly,
the scenarios with MVHR performed better than either the NV or MV
scenarios in relation to their range of applicability. This was because the

use of MVHR extended the winter LOTs significantly downward (by pre-
warming the supply air) and the UK is a heating dominated country. It is
also important to emphasise that, when NV and MVHR were used
together, an optimal solution was found in all cases with the resultant
occupied comfort hours ranging between 8.4% (n = 220 occupants,
criterion three, Edinburgh, 24 h schedule) - 82.3% (n = 324 occupants,
criterion one, London, 8 h schedule) (Fig. 8 and 9).
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3.3. Temperature stratification in naturally and mechanically ventilated
spaces

Significant temperature stratification is undesirable in rooms with
low ceilings as it can cause the stale (and potentially contaminated)
room air to remain in the breathing zone, resulting in IAQ problems
[58]. Additionally, it could also result in local thermal discomfort when
the temperature gradient exceeds 3 K from ankle to head level [50].

The NV scenarios demonstrated a smaller temperature gradient in
the domain compared to MV, and this can be attributed to the provision
of larger airflow rates. The NV strategy (Fig. 10, top) resulted in a
significantly lower temperature gradient (<2 K) compared to the MV
strategy (Fig. 10, bottom) which was greater than 3 K, under identical
outdoor air temperature boundary conditions. Moreover, using NV it
would be possible (depending on the indoor air flow patterns) to achieve
a better IAQ compared to the MV due to the increased fresh air flow rate
(30 1/(s.person) in NV as opposed to 17 1/(s.person) with MV). This
finding is particularly relevant in the context of COVID-19 and other
airborne viruses where transmission risks have been shown to be
directly correlated to the air exchange rates [59,60]. In this case, the
increased ventilation rate by NV without the expense of additional
electric power (which would be required if the same ventilation rate was
to be achieve by MV) might be beneficial (depending on compounding
factors) for mitigating airborne disease transmission risks [61].

Another consequence of the reduced flow rates associated with the
MV system is that under warm conditions, occupants in the centre of the
zone experienced localised temperatures that are up to 3 K higher
(Fig. 10, bottom) than those experienced with NV (Fig. 10, top), a factor
which may place them at increased risk of heat stress.
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4. Ventilation design and operation interventions to improve
thermal comfort

The CFD model predictions have indicated the areas where the
ventilation design could be improved both for MV and NV. These im-
provements could extend the NV and MV LOT limits at both the low-end
(winter) and high-end (summer) of the outdoor temperature spectrum.

The case study building had a constant air volume (CAV) AHU
providing a volumetric flow rate of 3.9 m®/s. Nonetheless, the modelling
results demonstrated that, if the fresh air supply rate could be reduced
based on the occupancy number (i.e. demand controlled), it would be
possible to extend the winter LOT range of the MV system. The findings
showed that the winter LOT could be extended from 17 °C down to 15 °C
for the n = 220 person occupancy condition, if the fixed air supply rate
of 17 1/(s.person) was reduced to 10 1/(s.person) (which is the minimum
fresh air supply rate requirement according to EN 16798-1:2019 [62].
This finding results from the reduced ventilation heat losses occurring
from the domain, which consequently increases the indoor temperatures
(Fig. 11). According to IWEC climate data for each city, assuming a
typical 8 h working day, this 2 K extension in the LOT would equate to an
extension of between 310 and 340 occupied hours (depending on the
location) per year in the UK climate, in which thermal comfort (with an
80% acceptability rate) can be achieved without the use of an active
heating system.

Using NV, the fresh air flow rate is not as easy to control as MV
because the buoyancy forces for NV are less stable than the momentum
forces of the MV. However, the simulation results showed that it was
possible to influence both the spatial domain temperatures and fresh air
flow rates in NV mode by adjusting the inlet and outlet opening sizes and
locations, including any transfer paths such as suspended ceilings.

The standard NV setup for the summer conditions, prior to this
design intervention, was comprised of: three outlet openings above the
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Fig. 10. Vertical temperature distribution (n = 220 Occupants) 32 °C supply air, NV (top) vs. MV (bottom).

suspended ceiling level, thirteen inlet openings (comprising of 11 cm
high inlet grilles at each tier, spanning from one side of the room to the
other) and two suspended ceilings (one entirely covered with perfora-
tions and ceiling diffusers, and the other with ceiling diffusers only)
(Fig. 12, top left). When the supply air (outdoor) temperature was
increased from 26 °C to 29 °C, the standard NV setup (with 11 c¢m inlets)
failed to comply with thermal comfort criterion one because of the high
internal temperatures, but satisfied criteria two and three (Fig. 12, top
right). However, when the height of each inlet opening was increased
(from 11 cm to 35 cm) to give an opening area of 53.7 m? compared to
20.7 m> (Fig. 12, bottom left), the overall temperatures in the domain
were reduced, with the maximum temperature dropping from 32.3 °C to
30.5 °C (Fig. 12, bottom right). This temperature decrease resulted in
compliance with all of the thermal comfort performance criteria. It is
interesting to note that the fresh air supply rate was reduced from 30 1/
(s.person) to 20.2 1/(s.person) when the inlet sizes were increased from
11 cm to 35 cm. This finding suggests that the initial higher volumetric
fresh air flow rates (from the larger inlets) cooled down the domain
temperatures, thereby reducing the buoyancy forces, which in turn
resulted in a reduced fresh air flow rate into the domain.

Similarly, the winter CFD modelling results showed that the NV LOT
could be extended with an adjustment to the air inlet configuration.
Thus, an appropriate adjustment of openings would result in a reduction
of fresh air flow rates, and hence an increase in indoor temperatures.
Moreover, the results demonstrated that, reducing the number of inlet
and outlet openings, and decreasing the suspended ceiling opening
percentage would result in an increase in the resistance to air flow path
through the domain. As a result, the fresh air entering the domain could
be reduced and rerouted to the desired path in order to prevent cold

11

down-draughts at the occupied area. In order to extend the winter LOTs,
a series of three design and operation interventions were investigated to
establish whether all three thermal comfort criteria could be met.

1. In order to restrict the fresh air supply into the domain, the number
of inlets was reduced from one opening at each tier to one opening at
every two tiers (making the total number of inlets 7), thereby
reducing the effective opening area from 20.7 m? to 11.2 m? (Fig. 13,
top left). Furthermore, the exhaust opening outlets (nos. 2 and 3)
were remodelled as a wall, with only outlet no. 1 remaining as an
exhaust outlet. The closed inlets and outlets were marked as “closed”
in Fig. 13 (top left of figure). This new inlet configuration resulted in
a fresh air flow rate of 10.2 1/(s.person) into the domain, but thermal
comfort criteria one and three could not be met as the CFD predicted
temperatures were below the thermal comfort requirements (Fig. 13,
Top Right). The presence of colder air was more evident in the front
rows compared to the others. The air velocity vector plot on a rect-
angular two-dimensional plane (Fig. 13, top right) showed that
outlet no. 1 acted as a bi-directional opening; thus, the rising warmer
air at the rear of the room was mixed with the cooler fresh air.
Consequently, this resulted in a cool down-draught from Ceiling 2,
but more predominantly from Ceiling 1 (Fig. 13, top right).

2. As the second intervention, in order to prevent the cold air down-
draught, Ceiling 1 was re-modelled as a closed ceiling with no dif-
fusers (Fig. 13, middle left) (where it previously contained a signif-
icant number of 40 by 40 cm ceiling diffusers). This intervention
created greater resistance in the air flow path, which consequently
prevented the cooler air from falling into the domain from the sus-
pended Ceiling 1 (Fig. 13, middle right). As a result, higher
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Fig. 11. Vertical temperature distribution, MV (n = 220 occupants) 17 °C supply air, at 17 1/(s.person) flow rate (top) and 10 1/(s.person) flow rate (bottom).

temperatures were generated in the occupied zone. Furthermore, the
fresh air supply rate into the domain was reduced from 10.2 1/(s.
person) to 8.6 1/(s.person) by merely closing the 40 by 40 cm
openings, whilst keeping the remaining inlet and outlet openings the
same. As a result of this intervention, acceptable temperatures were
achieved (19.2-21 °C) at most seats (Fig. 13, middle right). However,
this intervention was insufficient to comply with criteria one and three
since the last three rows of seats were still exposed to the cold air
down-draught coming from Outlet 1 and passing through suspended
Ceiling 2.

3. A final intervention was applied in order to determine whether
further adjustment of the suspended ceiling could enable the NV
scenario to comply with all three thermal comfort requirements. In
this scenario 60% of suspended Ceiling 2 was modelled as a closed
ceiling in the location affecting the cool air down-draught at the back
of the room, and the remaining 40% was modelled as an opening
(Fig. 13, bottom left). This final intervention aimed to increase the
temperatures at the rear of the room without exceeding the upper
temperature limit of the comfort criteria. The desired result was
achieved as the cool down-draught was prevented and the resultant
temperatures at the rear were within thermal comfort limits (Fig. 13,
bottom right). When the spatial temperature distribution of the
whole domain was analysed, it was found that this ventilation sce-
nario complied with all three thermal performance criteria.

12

5. Discussion and limitations

5.1. Natural and mechanical ventilation in non-domestic passivhaus and
near zero energy buildings in temperate climates

This study has explored supply air temperature and ventilation flow
rate ranges suitable for providing a thermally comfortable and well-
ventilated indoor environment (without the use of active heating and
cooling technologies). The implications of using NV, MV and MVHR
strategies have been studied individually and in combination, for an
auditorium zone within an existing non-domestic Passivhaus building in
the UK climatic context. However, the findings are extendable to other
high-performance, energy efficient buildings with similar climatic,
operational, design and occupancy conditions. The findings of this study
provide detailed insights for stakeholders wishing to make informed
ventilation design and operational decisions at the early and in-use
stages of non-domestic Passivhaus and nZEBs. Furthermore, the results
will have practical benefit for building services operators and facility
managers as the relationship between supply air temperatures, venti-
lation configuration, and spatial thermal comfort are clealry identified.
In particular, the methodology used in this study provides a workable
approach to resolving complex design trade-offs between ventilation
design, thermal comfort, energy efficiency and carbon emissions.

The findings suggest that all of the ventilation systems examined
(whether used individually or in combination) would require some de-
gree of additional heating or cooling, due to the dynamic effects of oc-
cupancy, seasonality, and the challenging geometrical design
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Fig. 12. Influence of small (top) and large (bottom) NV inlet openings and vertical temperature distribution (n = 220 occupants) 29 °C supply air.

characteristics of auditoria. Both the simulation findings and site in-
spections (where a hydronic heating system is used routinely during
colder periods) confirmed that it was not always possible to maintain
thermal comfort whilst avoiding the use of a dedicated supply air pre-
heating system, even with transient internal heat gains as high as 124
W/m? in the temperate UK climate. This was due to the presence of
localised thermal discomfort, in particular temperature gradients of
more than 3 K from ankle to head level. The modelling results showed
that such localised thermal discomfort conditions are often encountered
in mechanical displacement ventilation systems, a finding which is in
common with a number of previous studies [29-31,35]. However, the
NV modelling results demonstrated that these localised discomfort is-
sues can often be avoided when NV is used instead of MV, supporting the
findings of Cook and Short [12] and Ricciardi et al. [30]. Furthermore,
as suggested by Cook and Short [12] and Cao et al. [36], NV should be
preferred over MV whenever net energy savings are possible and addi-
tional heat recovery through a MV system is not required. Since the
modelling results show that, a thermally comfortable environment can
be achieved with the same LOTSs for both NV and MV, it confirms that the
energy savings associated with NV can be achieved without compro-
mising thermal comfort. Although, the use of NV might not be always
possible due to unfavourable outdoor conditions, as suggested by Cuce
et al. [34], the modelling results identified specific LOTs where the MV
would cause local discomfort, allowing the selective use of NV for those
MV LOTs, thereby minimising the risks of operating NV in unfavourable
conditions.

Based on the modelling results, it was evident that the use of natural
ventilation extends the upper limit of the summer LOTs by 3 K-6 K
depending on the tested criterion and occupant density compared to
mechanical ventilation. As expected, the natural ventilation approach
showed a higher potential in warmer regions (i.e. London) compared to
the cooler regions (north UK). However, in order to influence the indoor
temperatures and acquire the most benefit out of the natural ventilation
system, it is essential to employ controllable inlet and outlet opening
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sizes. Despite the undeniable potential of NV, the benefits of hybrid
systems involving some form of mechanical ventilation should not be
overlooked, particularly where stringent low energy targets are sought.
When the heat recovery system is operational, the use of mechanical
ventilation extended the winter limiting operating temperature down-
wards by 2 K (to 8 K) compared to the natural ventilation system
(without using auxiliary heating). Furthermore, mechanical ventilation
with heat recovery is better suited for cooler climatic regions compared
to natural ventilation, since it provides more thermally comfortable
hours in cooler regions compared to the natural ventilation systems (see
Figs. 7 and 8). Conversely, it has been shown that the Passivhaus concept
[17] and similar low energy concepts [20], if poorly implemented, can
be prone to overheating, whilst Perez and @stergaard [18] found that
90% of the time mechanical ventilation with heat recovery is not
required in milder climates. This study concurs that non-domestic Pas-
sivhaus auditoria are prone to overheating (even in a temperate climate)
when ventilated solely via mechanical ventilation, due to the pro-
nounced temperature stratification occurring in the occupied zone.
However, in relation to thermal comfort and energy efficiency, the
findings from this study are in agreement with those of Lambea et al.
[26] which found that mechanical ventilation with heat recovery is an
essential requirement for Passivhaus certification, unless the climate is
consistently hot. Collectively these findings point to the benefits of
incorporating seasonal mixed-mode systems in non-domestic Passivhaus
and nZEB buildings, where natural ventilation is used in preference to
mechanical ventilation whenever the local climate (and air quality)
permits.

The requirement for active cooling along with mixed-mode ventila-
tion for achieving thermal comfort when the outdoor air is too hot or
cold was highlighted by Cuce et al. [34]. Similarly, the result of this
study demonstrates that additional measures would be required in the
present UK climate to achieve year-round thermal comfort fully due to
the heating and colling loads. Despite the requirement for some auxil-
iary space conditioning, the results show that, when intelligent NV
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Fig. 13. Design interventions to the standard NV configuration to achieve thermal comfort standards (n = 324 occupants) 17 °C supply air, (1). (top left) closed inlets
and outlets, (top right) resultant cold down draughts, predominantly from Ceiling 1, (2). (middle left) closed suspended Ceiling 1, (middle right) resultant warmer
indoor temperatures below Ceiling 1 and 2, (3). (bottom left) partially (60%) closed Ceiling 2, (bottom right) resultant warmer indoor air temperatures.

design is used in conjunction with MVHR, it was possible to provide a
thermally comfortable environment up to 82% of the time in certain
contexts (e.g. in London with a typical 8-h working schedule). This could
be considered a significant finding where HVAC related energy usage in
non-domestic buildings in such cities is high. However, when using a
hybrid approach (e.g. NV + MVHR) it is essential to employ variable
opening configurations, with intelligent controls, which respond to in-
ternal heat gains and outdoor air temperatures to achieve such perfor-
mance. Although modifying indoor spatial temperatures and air flow
rates is commonly achieved by varying facade opening configurations,
the research here has shown that it is also possible to achieve this result
without major structural changes to the facade openings. Relatively
minor design changes to the indoor inlet and outlet openings (such as
changing the suspended ceiling opening percentage and closing and
opening in-domain air inlets and outlets) can achieve the same objec-
tive. This makes retrofit solutions a possibility without the requirement
for major structural changes in the facade. It also means that improved
mixed-mode ventilation designs offer a viable means of improving
localised occupant thermal comfort whilst reducing reliance on me-
chanical heating, cooling and ventilation systems in the context of
complex non-domestic Passivhaus and nZEB buildings. Moreover, the
work has highlighted the benefits of such an approach in relation to
improving volumetric flow rates which have been shown to have a
marked impact in reducing airborne viral transmission rates [63,61].

5.2. Limitations

The assumptions and simplifications in relation to the boundary
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conditions used in this study will have influenced the accuracy of the
validation model. Factors such as flow rates and supply temperature for
each individual inlet were not precisely known. Additionally, the
modelled geometry was not a perfect representation of the real domain
due to small inconsistencies between the plans and the real building.
Furthermore, geometrical simplifications were made by aligning
modelled objects in the domain to avoid excessive mesh sizes and to
improve the mesh quality. Despite the aforementioned simplifications
and assumptions, the validation model predictions closely matched the
field measurements (MAE of 0.5 K). Moreover, a more accurate repre-
sentation of internal surface temperatures is needed to derive the
operative temperatures in the occupied zone, which would provide a
more accurate assessment of the thermal comfort and acceptability of
the limiting outside temperature range. In order to achieve this dynamic
thermal simulation incorporating radiative heat exchange (i.e. use of a
radiance model to predict surface temperatures) could be used to pro-
vide more accurate boundary conditions for the CFD model. In this re-
gard the findings of the current approach can be seen as conservative,
since the use of operative temperature is likely to further extend the
upper and lower bounds of the acceptable limiting outside temperature
range. This is due to the fact that in winter the surrounding surfaces of a
well-insulated building are likely to be significantly warmer than the
external air temperature. Whilst conversely, under warm summer con-
ditions the surrounding surfaces of a well-insulated thermally massive
building are likely to be cooler than the warmest air temperatures
entering the domain. Finally, whereas the effect of relative humidity
(RH) on thermal comfort is not of great concern in the UK, in climates
with significantly higher or lower RH, the outcomes might be different.
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6. Conclusions and future work

The thermal comfort performance of natural and mechanical venti-
lation and mechanical ventilation with heat recovery has been explored
in a non-domestic UK Passivhaus building using state-of-the-art nu-
merical modelling. The model fidelity was validated using field data.
The findings conclude that a mixed-mode approach to ventilation
(combining natural ventilation and mechanical ventilation with heat
recovery) is well suited to the UK climatic context. The mixed-mode
approach was able to provide a thermally comfortable environment
(without using any additional heating or cooling) for up to 82% of the
annual occupied hours. Notably, the mixed-mode approach achieved the
target thermal comfort criteria for up to 82% of the occupied hours for
the London climate. Considering the largest space conditioning related
energy demand of UK non-domestic buildings is found in London,
achieving thermally comfortable occupied hours for up to 82% of the
total occupied hours (7-25% for natural ventilation, 5-36% for me-
chanical ventilation, 16-66% for mechanical ventilation with heat re-
covery and 23-82% in mixed mode operation) without recourse to any
auxiliary heating and cooling could result in significant energy savings.
Moreover, these figures are likely to significantly underestimate the full
range of thermally comfortable occupied hours achievable in practice.
This is because the thermal inertia of highly insulated building enve-
lopes would help to maintain the internal operative temperatures within
acceptable thermal comfort limits even when the outdoor air tempera-
tures begin to drift outside of an acceptable comfort range. Determina-
tion of the limiting external operating temperatures of natural and
mechanical ventilation (with and without heat recovery) is a critical
requisite for maximising the benefits of both approaches. The design
suggestions provided here will help to extend the limiting operating
temperature ranges of these systems and are likely to be of value in
enhancing the performance and resilience of Passivhaus and near zero
energy building auditoria, as well as similar non-domestic buildings.

In choosing the appropriate combination of natural and mechanical
ventilation system specification, consideration should be given to the
resultant operational and embodied energy and carbon impacts (and
resource emissions), which are beyond the scope of this study. Whilst the
Passivhaus standard does not currently address these issues, mechanical
ventilation systems with heat recovery often carry a large primary en-
ergy and embodied carbon penalty due to the requirements for both
intake and exhaust fans and ductwork, compared to simpler mechanical

Appendix

Table A.1
Boundary conditions of the MV and NV CFD simulation scenarios
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extract ventilation systems [63]. It is therefore suggested that further
work could include quantifying the potential energy and greenhouse gas
emission savings of using a range of hybrid ventilation system config-
urations in a wide range of non-domestic Passivhaus and near zero en-
ergy buildings.
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CASE  V.* Nos. of Occ.* Supply Supply Air Flow Rate [1/(s. Nos. of Inlets and Nos. of Tot. Eff. Opening Suspended Ceiling Opening
D Mode (n) Temp. person)] Outlets Area of Inlets and Outlets [%]
[°cl [m?]

S1* NV 220 17 N/A 13and 1 20.7 and 16.7 100
S2 NV 220 20 N/A 13 and 1 20.7 and 16.7 100
S3 NV 220 23 N/A 13and 1 20.7 and 16.7 100
S4 NV 220 26 N/A 13and 1 20.7 and 16.7 100
S5 NV 220 29 N/A 13 and 1 20.7 and 16.7 100
S6 NV 220 29 N/A 13 and 1 53.7 and 42.4 100
S7 NV 220 32 N/A 13and 1 53.7 and 42.4 100
S8 NV 324 14 N/A 7 and 1 11.2 and 16.7 23%*
S9 NV 324 14 N/A 7 and 1 11.2 and 16.7 56**
S10 NV 324 17 N/A 7 and 1 11.2 and 16.7 23%*
S11 NV 324 17 N/A 7 and 1 11.2 and 16.7 33%*
S12 NV 324 17 N/A 7 and 1 11.2 and 16.7 56**
S13 NV 324 17 N/A 7 and 1 11.2 and 16.7 100
S14 NV 324 20 N/A 13and 1 20.7 and 16.7 100
S15 NV 324 23 N/A 13 and 1 20.7 and 16.7 100
S16 NV 324 26 N/A 13and 1 20.7 and 16.7 100
S17 NV 324 29 N/A 13and 1 53.7 and 42.4 100
S18 NV 324 32 N/A 13and 1 53.7 and 42.4 100

(continued on next page)
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Table A.1 (continued)

CASE V.* Nos. of Occ.* Supply Supply Air Flow Rate [1/(s. Nos. of Inlets and Nos. of Tot. Eff. Opening Suspended Ceiling Opening
D Mode (n) Temp. person)] Outlets Area of Inlets and Outlets [%]
[°cl [m?]
S19 MV 220 14 8 150 and 1 3.2and 16.7 100
S20 MV 220 17 17 150 and 1 3.2 and 16.7 100
S21 MV 220 17 10 150 and 1 3.2and 16.7 100
S22 MV 220 20 17 150 and 1 3.2and 16.7 100
S23 MV 220 23 17 150 and 1 3.2and 16.7 100
S24 MV 220 26 17 150 and 1 3.2 and 16.7 100
S25 MV 220 29 17 150 and 1 3.2 and 16.7 100
S26 MV 220 32 17 150 and 1 3.2and 16.7 100
S27 MV 324 12 8 75 and 1 1.6 and 16.7 100
S28 MV 324 14 8 75 and 1 1.6 and 16.7 100
S29 MV 324 14 11.6 150 and 1 3.2 and 16.7 100
S30 MV 324 17 11.6 150 and 1 3.2and 16.7 100
S31 MV 324 20 11.6 150 and 1 3.2 and 16.7 100
S32 MV 324 23 11.6 150 and 1 3.2 and 16.7 100
S33 MV 324 26 11.6 150 and 1 3.2and 16.7 100
S34 MV 324 29 11.6 150 and 1 3.2 and 16.7 100

*S= Scenario, V=Ventilation, Occ. = Occupants; ** In these scenarios the opened area of the suspended ceiling letting the air to pass through gradually increased or
decreased and the effect of the altering the opening percentage on the internal temperatures were observed.

Table A.2
Spot temperature measurement results in auditoria during “Lecture A”. The temperature values recorded at 09:30 were selected for the CFD validation.

Lecture A

Temperature Measurements (°C)

Time (hh:mm)

Sensor ID 08:40 08:50 09:00 09:10 09:20 09:30 09:40 09:50 10:00 10:10 10:20
H-03 18.3 18.3 18.5 19.2 18.6 18.5 18.5 18.6 18.6 18.0 18.1
H-04 19.2 19.2 19.5 21.0 21.7 21.5 21.7 21.8 21.9 20.7 20.0
H-05 19.9 19.9 20.2 21.5 21.6 21.3 21.2 21.3 21.4 20.2 19.9
H-07 19.4 19.4 19.6 20.8 20.2 19.9 19.7 19.6 19.7 18.8 18.8
H-08 19.7 19.7 20.0 21.2 21.4 21.2 21.2 21.2 21.2 20.2 19.9
J-01 19.0 19.0 19.3 19.9 19.4 19.1 19.0 18.9 18.9 18.7 18.6
J-02 19.9 19.9 20.3 21.3 21.6 21.5 21.5 21.4 21.5 20.5 20.0
J-03 19.6 19.6 19.9 21.1 20.8 20.6 20.6 20.5 20.6 19.4 19.2
J-04 20.1 20.3 20.5 21.6 22.0 21.9 21.9 21.9 21.9 21.1 20.8
J-05 19.2 19.2 19.5 20.8 21.4 20.9 20.9 20.8 20.7 20.1 19.7
J-07 19.6 19.5 19.9 20.8 21.2 21.2 21.2 21.2 21.2 20.5 20.0
J-09 19.6 19.7 20.0 21.3 21.7 21.6 21.7 21.7 21.7 20.9 20.9
KC-1 20.3 20.3 20.5 21.5 22.0 21.9 21.9 21.9 22.0 21.2 20.6
KC-4 19.2 19.2 19.5 20.7 20.3 20.1 20.0 20.0 20.0 19.4 19.2
KC-7 20.2 20.3 20.6 22.1 22.1 22.0 21.9 21.9 21.9 21.2 21.1
KC-9 19.3 19.3 19.5 20.8 21.4 21.3 21.3 21.3 21.3 20.6 20.4
M4 19.2 19.3 19.6 20.5 20.2 19.9 19.9 19.8 19.8 19.2 18.9
M5 19.1 19.1 19.2 20.0 20.0 19.9 19.8 19.7 19.7 19.1 19.0
RJIN4 18.3 18.3 18.7 18.9 18.6 18.5 18.5 18.5 18.5 18.1 18.1
RJIN10 19.6 19.6 19.8 20.8 20.8 20.5 20.2 19.9 20.0 19.0 19.1
3 19.7 19.8 19.9 21.0 21.0 20.8 20.8 20.7 20.8 20.1 19.8
74 19.8 19.9 20.3 22.2 22.1 22.0 21.9 21.8 21.9 21.1 21.2
76 19.3 19.3 19.5 20.6 20.8 20.7 20.7 20.7 20.7 19.8 19.4
77 19.6 19.6 20.0 21.0 20.9 20.5 20.4 20.3 20.2 19.0 19.2
Z10 18.8 19.0 19.4 20.0 19.9 19.5 19.5 19.5 19.7 19.1 18.9
713 19.5 19.5 19.9 21.0 21.1 21.0 21.0 21.0 21.0 20.1 19.7
714 19.5 19.5 20.0 21.3 21.4 21.2 21.1 21.1 21.1 19.9 19.4
Z16 19.4 19.4 19.7 21.2 20.1 19.9 19.9 20.0 20.1 19.2 19.0
718 19.3 19.3 19.9 21.3 20.7 20.3 20.1 20.0 20.0 19.1 18.8
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Fig. A.1. Solver results from the CFD validation model for lecture A, showing the monitored values (P1,U1,V1,W1,KE,EP and TEM1) at selected spot in the space
(left) and residual errors (right). The red rectangular annotations show the monitored values achieving the steady state condition (left) and residual errors dropping
below required thresholds (right).

References

[1]
[2]

[3]

[4]

[5]

[6]

71

[8]

9]

[10]

[11]
[12]
[13]
[14]

[15]

[16]

[17]

J. Forde, M. Osmani, C. Morton, An investigation into zero-carbon planning policy
for new-build housing, Energy Pol. 159 (2021), 112656.

R.S. McLeod, C.J. Hopfe, Hygrothermal implications of low and zero energy
standards for building envelope performance in the UK, J. Build. Perform. Simul. 6
(5) (2013) 367-384, https://doi.org/10.1080/19401493.2012.762809.
Department for Business, Energy and industrial strategy. Energy consumption in
the UK, July 2021, https://www.gov.uk/government/statistics/energy-consumpti
on-in-the-uk-2021, 2021.

X. Zhou, D. Yan, J. An, T. Hong, X. Shi, X. Jin, Comparative study of air-
conditioning energy use of four office buildings in China and USA, Energy Build.
169 (2018) 344-352.

R. Rahif, D. Amaripadath, S. Attia, Review on time-integrated overheating
evaluation methods for residential buildings in temperate climates of Europe,
Energy Build. 252 (2021), 111463.

M.J. Fletcher, D.K. Johnston, D.W. Glew, J.M. Parker, An empirical evaluation of
temporal overheating in an assisted living Passivhaus dwelling in the UK, Build.
Envrion. 121 (2017) 106-118.

Y. Dong, R. Wang, J. Xue, J. Shao, H. Guo, Assessment of summer overheating in
concrete block and cross laminated timber office buildings in the severe cold and
cold regions of China, Buildings 11 (8) (2021) 330.

A. Baniassadi, D.J. Sailor, E.S. Krayenhoff, A.M. Broadbent, M. Georgescu, Passive
survivability of buildings under changing urban climates across eight US cities,
Environ. Res. Lett. 14 (7) (2019), 074028.

A. Moreno-Rangel, T. Sharpe, G. McGill, F. Musau, Thermal comfort assessment of
the first residential Passivhaus in Latin America, J. Build. Eng. 43 (2021), 103081.
E. Vettorazzi, A. Figueiredo, F. Rebelo, R. Vicente, E.G. da Cunha, Optimization of
the passive house concept for residential buildings in the South-Brazilian region,
Energy Build. 240 (2021), 110871.

C.J. Hopfe, R.S. McLeod, The Passivhaus Designer’s Manual: a Technical Guide to
Low and Zero Energy Buildings, Routledge, 2015, ISBN 9780415522694.

M. Cook, A. Short, Natural ventilation and low energy cooling of large, non-
domestic buildings—four case studies, Int. J. Vent. 3 (4) (2005) 283-294.

C. Alan Short, K.J. Lomas, Exploiting a hybrid environmental design strategy in a
US continental climate, Build. Res. Inf. 35 (2) (2007) 119-143.

A. Macintosh, K. Steemers, Ventilation strategies for urban housing: lessons from a
PoE case study, Build. Res. Inf. 33 (1) (2005) 17-31.

Schiano-Phan, R., Ford, B., Gillott, M. and Rodrigues, L.T.,The Passivhaus standard
in the UK: is it desirable? Is it achievable? in: PLEA 2008: 25th Conference on
Passive and Low Energy Architecture, Dublin, 22nd to 24th October 2008..

P. Sassi, A natural ventilation alternative to the Passivhaus Standard for a mild
maritime climate, Buildings 3 (1) (2013) 61-78.

R.S. McLeod, C.J. Hopfe, A. Kwan, An investigation into future performance and
overheating risks in Passivhaus dwellings, Build. Environ. 70 (2013) 189-209.

17

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

1. Oropeza-Perez, P.A. (stergaard, Potential of natural ventilation in temperate
countries-a case study of Denmark, Appl. Energy 114 (2014) 520-530.

G. Rojas, W. Wagner, J. Suschek-Berger, R. Pfluger, W. Feist, Applying the passive
house concept to a social housing project in Austria—evaluation of the indoor
environment based on long-term measurements and user surveys, Adv. Build.
Energy Res. 10 (1) (2016) 125-148, https://doi.org/10.1080/
17512549.2015.1040072.

R.S. McLeod, M. Swainson, Chronic overheating in low carbon urban developments
in a temperate climate, Renew. Sustain. Energy Rev. 74 (2017) 201-220, https://
doi.org/10.1016/j.rser.2016.09.106.

Y. Wang, J. Kuckelkorn, F.Y. Zhao, H. Spliethoff, W. Lang, A state of art of review
on interactions between energy performance and indoor environment quality in
Passive House buildings, Renew. Sustain. Energy Rev. 72 (2017) 1303-1319.

F. Helleis, T. Klimach, U. Poschl, Vergleich verschiedener Liiftungsmethoden gegen
die Aerosoliibertragung von COVID-19 und fiir erh6hte Luftqualitét in
Klassenraumen: fensterliiften, Abluftventilatoren, Raumlufttechnik und
Luftreiniger, Available at: https://zenodo.org/record/6049289, 2022. (Accessed
15 December 2022).

CIBSE, TM65 an Internationally-Applicable Methodology for the Calculation of
Embodied Carbon in Building Services Engineering, The Chartered Institution of
Building Services Engineers, London, 2022.

R. Kriesi, Comfort ventilation-a key factor of the comfortable, energy-efficient
building, REHVA Journal 3 (2011) 30-35.

F. Helleis, T. Klimach, U. Poschl, Vergleich verschiedener Liiftungsmethoden gegen
die Aerosoliibertragung von COVID-19 und fiir erh6hte Luftqualitét in
Klassenraumen: Fensterliiften, Abluftventilatoren, Raumlufttechnik und
Luftreiniger, 2022, Version 2.0.

S. Guillén-Lambea, B. Rodriguez-Soria, J.M. Marin, Review of European ventilation
strategies to meet the cooling and heating demands of nearly zero energy buildings
(nZEB)/Passivhaus. Comparison with the USA, Renew. Sustain. Energy Rev. 62
(2016) 561-574.

S. Eldakdoky, A. Elkhateeb, Acoustic improvement on two lecture auditoria:
simulation and experiment, Front. Archit. Res. 6 (1) (2017) 1-16, https://doi.org/
10.1016/J.FOAR.2016.11.002.

M. Barron, S. Kissner, A possible acoustic design approach for multi-purpose
auditoria suitable for both speech and music, Appl. Acoust. 115 (2017) 42-49,
https://doi.org/10.1016/J.APACOUST.2016.08.018.

M. Kavgic, D. Mumovic, Z. Stevanovic, A. Young, Analysis of thermal comfort and
indoor air quality in a mechanically ventilated theatre, Energy Build. 40 (7) (2008)
1334-1343, https://doi.org/10.1016/J.ENBUILD.2007.12.002.

P. Ricciardi, A. Ziletti, C. Buratti, Evaluation of thermal comfort in an historical
Italian opera theatre by the calculation of the neutral comfort temperature, Build.
Environ. 102 (2016) 116-127.

F. Wan, S. Liu, H. Zhang, W. Zheng, Ceiling displacement ventilation system in an
experimental theatre: a method to optimize thermal comfort, Indoor Built Environ.
(2022), 1420326X221119334.


http://refhub.elsevier.com/S0360-1323(23)00229-9/sref1
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref1
https://doi.org/10.1080/19401493.2012.762809
https://www.gov.uk/government/statistics/energy-consumption-in-the-uk-2021
https://www.gov.uk/government/statistics/energy-consumption-in-the-uk-2021
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref4
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref4
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref4
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref5
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref5
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref5
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref6
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref6
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref6
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref7
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref7
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref7
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref8
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref8
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref8
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref9
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref9
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref10
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref10
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref10
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref11
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref11
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref12
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref12
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref13
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref13
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref14
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref14
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref16
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref16
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref17
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref17
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref18
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref18
https://doi.org/10.1080/17512549.2015.1040072
https://doi.org/10.1080/17512549.2015.1040072
https://doi.org/10.1016/j.rser.2016.09.106
https://doi.org/10.1016/j.rser.2016.09.106
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref21
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref21
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref21
https://zenodo.org/record/6049289
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref22
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref22
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref22
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref24
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref24
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref23
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref23
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref23
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref23
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref25
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref25
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref25
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref25
https://doi.org/10.1016/J.FOAR.2016.11.002
https://doi.org/10.1016/J.FOAR.2016.11.002
https://doi.org/10.1016/J.APACOUST.2016.08.018
https://doi.org/10.1016/J.ENBUILD.2007.12.002
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref29
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref29
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref29
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref30
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref30
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref30

M. Mustafa et al.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]
[42]
[43]
[44]

[45]

[46]
[47]

[48]

[49]

K.J. Lomas, H. Eppel, Simulating the thermal performance of naturally ventilated
spaces: a case study, in: Proc Passive and Low Energy Architecture, 1991,

pp. 749-754. Seville, Spain.

A. Howarth, J. Solaymani-Kohal, R. Walker, Stack ventilation in auditoria, Build.
Serv. J. 19 (9) (1997) 51-56.

E. Cuce, F. Sher, H. Sadiq, P.M. Cuce, T. Guclu, A.B. Besir, Sustainable ventilation
strategies in buildings: CFD research, Sustain. Energy Technol. Assessments 36
(2019), 100540.

S. Ahmad, G. Goga, R. Mohan, Predicting the thermal comfort of occupants in an
indoor auditorium space with different UFAD ventilation arrangements, Mater.
Today Proc. (2022), https://doi.org/10.1016/J.MATPR.2022.10.115.

B. Cao, M. Luo, M. Li, Y. Zhu, Thermal comfort in semi-outdoor spaces within an
office building in Shenzhen: a case study in a hot climate region of China, Indoor
Built Environ. 27 (10) (2018) 1431-1444.

L.E. Thomas, Combating overheating: mixed-mode conditioning for workplace
comfort, Build. Res. Inf. 45 (1-2) (2017) 176-194.

S.M. Ali, B. Martinson, S. Al-Maiyah, M. Gaterell, Effects of ceiling fans on the
thermal comfort of students in learning environments of Bayero University, Kano,
Nigeria, in: 18th Windsor Conference: Rethinking Comfort, Network for Comfort
and Energy Use in Buildings, 2018, pp. 194-208.

ASHRAE, Standard 55-2010:"Thermal Environmental Conditions for Human
Occupancy”, ASHRAE, Atlanta USA, 2017.

DfES, Building Bulletin BB 101 Ventilation of School Buildings—Version 1.4,
Department of Education and Skills (DfES), London, 2018.

CIBSE, A. Guide, Environmental Design, The Chartered Institution of Building
Services Engineers, London, 2021.

CHAM. http://www.cham.co.uk/phoenics.php, 2017. (Accessed 2 September
2017).

B.E. Launder, D.B. Spalding, The numerical computation of turbulent flows,
Comput. Methods Appl. Math. 3 (2) (1974) 269-289.

Nielsen, Predictions of air distribution in a forced ventilation room, Ingenigrens
Ugeblad No. 5 (1973).

Z. Zhang, Q. Chen, Experimental measurements and numerical simulations of
particle transport and distribution in ventilated rooms, Atmos. Environ. 40 (18)
(2006) 3396-3408.

T. Yang, CFD and Field Testing of a Naturally Ventilated Full-Scale Building,
Doctoral dissertation, University of Nottingham, Nottingham, 2004.

P.C. Walsh, W.H. Leong, Effectiveness of several turbulence models in natural
convection, Int. J. Numer. Method. H. 14 (2004) 633-648.

CHAM, The LVEL turbulence model for conjugate heat transfer at low Reynolds
numbers. http://www.cham.co.uk/phoenics/d_polis/d_lecs/lvel/lvel.htm, 2017.
(Accessed 15 August 2017).

K. Dhinsa, C. Bailey, K. Pericleous, Low Reynolds number turbulence models for
accurate thermal simulations of electronic components, in: 5th International
Conference on Thermal and Mechanical Simulation and Experiments in

18

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Building and Environment 234 (2023) 110202

Microelectronics and Microsystems, 2004. EuroSimE 2004, Proceedings of the
IEEE, 2004, pp. 483-490, 2004.

H. Awbi, Ventilation of Buildings, Taylor & Francis, London, 2005, ISBN 0-203-
63447-0.

1SO, Standard 7730, Moderate Thermal Environments—Determination of the PMV
and PPD Indices and Specification of the Conditions for Thermal Comfort,
International Standards Organisation. BS EN ISO, 2005.

Energyplus.net. Weather data source. https://energyplus.net/weather/sou
rces/IWEC, 2017. (Accessed 1 August 2017).

T.P. Hughes, A.H. Baird, D.R. Bellwood, M. Card, S.R. Connolly, C. Folke,

R. Grosberg, O. Hoegh-Guldberg, J.B.C. Jackson, J. Kleypas, J.M. Lough, Climate
change, human impacts, and the resilience of coral reefs, Science 301 (5635)
(2003) 929-933.

R.S. McLeod, C.J. Hopfe, Y. Rezgui, A proposed method for generating high
resolution current and future climate data for Passivhaus design, Energy Build. 55
(2012) 481-493. https://doi.org/10.1016/j.enbuild.2012.08.045.

R.S. McLeod., and C.J. Hopfe. Application and limitations in the use of regionally
derived and future probabilistic climate data in Passivhaus design. Build. Simulat.
2011, Sydney, Australia Available at: http://www.ibpsa.org/m_papers.asp.

M. Hajdukiewicz, M. Geron, M.M. Keane, Calibrated CFD simulation to evaluate
thermal comfort in a highly-glazed naturally ventilated room, Build. Environ. 70
(2013) 73-89.

NASA, Uncertainty and Error in CFD Simulations. https://www.grc.nasa.gov/www
/wind/valid/tutorial/errors.html, 2008. (Accessed 2 September 2017).

S. Gilani, H. Montazeri, B. Blocken, CFD simulation of stratified indoor
environment in displacement ventilation: validation and sensitivity analysis, Build.
Environ. 95 (2016) 299-313.

R.K. Bhagat, M.D. Wykes, S.B. Dalziel, P.F. Linden, Effects of ventilation on the
indoor spread of COVID-19, J. Fluid Mech. 903 (2020).

S. Shao, D. Zhou, R. He, J. Li, S. Zou, K. Mallery, S. Kumar, S. Yang, J. Hong, Risk
assessment of airborne transmission of COVID-19 by asymptomatic individuals
under different practical settings, J. Aerosol Sci. 151 (2021), 105661.

R.S. McLeod, C.J. Hopfe, E. Bodenschatz, H.J. Moriske, U. Poschl, T. Salthammer,
J. Curtius, F. Helleis, J. Niessner, C. Herr, T. Klimach, A multi-layered strategy for
COVID-19 infection prophylaxis in schools: a review of the evidence for masks,
distancing, and ventilation, Indoor Air 32 (10) (2022), e13142.

EN 16798-1:2019 Energy Performance of Buildings - Ventilation for Buildings -
Part 1: Indoor Environmental Input Parameters for Design and Assessment of
Energy Performance of Buildings Addressing Indoor Air Quality, Thermal
Environment, Lighting and Acoustics, European Committee for Standardization,
2019.

F. Pollozhani, R.S. McLeod, F. Helleis, T. Klimach, U. Poschl, C.J. Hopfe, Energy
performance and infection risk evaluation of retrofitted ventilation systems in
times of Covid, in: Proceedings of BauSIM 2022, September 2022, pp. 20-22.
Weimar, Germany. Available at: https://bit.ly/3HMp0Xz.


http://refhub.elsevier.com/S0360-1323(23)00229-9/sref31
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref31
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref31
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref32
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref32
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref33
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref33
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref33
https://doi.org/10.1016/J.MATPR.2022.10.115
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref35
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref35
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref35
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref36
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref36
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref37
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref37
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref37
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref37
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref38
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref38
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref39
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref39
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref40
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref40
http://www.cham.co.uk/phoenics.php
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref42
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref42
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref43
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref43
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref44
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref44
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref44
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref45
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref45
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref46
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref46
http://www.cham.co.uk/phoenics/d_polis/d_lecs/lvel/lvel.htm
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref48
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref48
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref48
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref48
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref48
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref49
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref49
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref50
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref50
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref50
https://energyplus.net/weather/sources/IWEC
https://energyplus.net/weather/sources/IWEC
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref52
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref52
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref52
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref52
https://doi.org/10.1016/j.enbuild.2012.08.045
http://www.ibpsa.org/m_papers.asp
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref53
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref53
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref53
https://www.grc.nasa.gov/www/wind/valid/tutorial/errors.html
https://www.grc.nasa.gov/www/wind/valid/tutorial/errors.html
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref55
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref55
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref55
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref56
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref56
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref57
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref57
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref57
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref61
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref61
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref61
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref61
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref58
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref58
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref58
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref58
http://refhub.elsevier.com/S0360-1323(23)00229-9/sref58
https://bit.ly/3HMp0Xz

	Enhancing non-domestic Passivhaus auditoria ventilation design for improved indoor environmental quality
	1 Introduction
	2 Methods
	2.1 The case study building
	2.2 Experimental set-up and field measurements
	2.3 Computational fluid dynamics modelling for validation
	2.4 Computational fluid dynamics modelling scenarios for identification of natural and mechanical ventilation limiting oper ...
	2.5 Thermal comfort performance criteria
	2.6 Climate analysis of the UK

	3 Results
	3.1 Validation of the CFD model
	3.2 Limiting operating temperature ranges of natural and mechanical ventilation, and mechanical ventilation with heat recov ...
	3.3 Temperature stratification in naturally and mechanically ventilated spaces

	4 Ventilation design and operation interventions to improve thermal comfort
	5 Discussion and limitations
	5.1 Natural and mechanical ventilation in non-domestic passivhaus and near zero energy buildings in temperate climates
	5.2 Limitations

	6 Conclusions and future work
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix
	References


