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ARTICLE INFO ABSTRACT

Keywords: UK schoolchildren spend on average 30% of their waking lives inside schools. While indoor
Indoor environment environmental quality (IEQ) is critical for their health and attainment, school buildings are also a
Overheating key part of the UK’s carbon emissions reduction strategy. To address conflicts between energy
Schools efficiency and IEQ, predictive models of UK classroom stock should incorporate energy and IEQ
Attainment

performance criteria across dynamic scenarios comprising energy retrofit and IEQ improvement
measures. On this basis, we have developed a novel approach for auto-generation, simulation,
post-processing and analysis of EnergyPlus UK classroom archetype models. Such modelling fa-
cilitates the multi-parameter evaluation of school building performance, whilst incorporating
stock-wide heterogeneity and longitudinal dynamic changes.

As extent of retrofit increases, decreasing incremental energy demand reduction was quantified
and increasing effectiveness of passive ventilation at mitigating overheating was identified.
Negative impact of South facing orientation on overheating was reduced after applying a range of
IEQ improvement methods. However, low ceiling heights in 1945-1967 era classrooms impact
the efficacy of these IEQ mitigations on calculated attainment, requiring design rather than
mitigation strategies as a remedial solution. Strategies preventing NO; pollution ingress could be
more-effective than PMy 5, with night-time ventilation avoiding ingress during daily peaks and
greater sensitivity to location. Future work shall incorporate multiple criteria into a single tool
based on stakeholder preferences to improve quality of retrofit decision making.

Retro-fit
Stock modelling

1. Introduction

1.1. School indoor environment prediction using stock modelling

From a health perspective, school-aged children are particularly vulnerable to both extreme thermal conditions and poor indoor air
quality [1]. Children spend around 30% of their waking hours at school, 70% of which is spent indoors [2]. Indoor classroom con-
ditions are, thus, critically important. Internal temperature and air contaminants, such as carbon dioxide (CO3), nitrogen dioxide (NO3)
and particulate matter under 2.5 pm (PMy 5) are key components of Indoor Environmental Quality (IEQ). Guideline thresholds for IEQ
parameters are defined by both health [3] and educational bodies [4]. In addition to health concerns, cognitive performance, which is
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linked to educational attainment, is affected both by heightened internal temperatures [5] and lack of ventilation [6-8].

School buildings should not be considered as static environments. The UK non-domestic building stock contributes around one fifth
of all UK-based carbon emissions [9]. As a result, energy efficiency retrofitting is considered a key step towards meeting the national
target to achieve net zero emissions by 2050 [10]. In addition, improvements in ventilation and shading are required to mitigate
against hotter temperatures due to ongoing climate change [11] and increased levels of contaminants [12]. The dependence of IEQ on
both energy retrofitting and IEQ improvement means that these should be combined to create pair-wise scenarios.

To predict building performance across a heterogeneous building stock, building simulation should incorporate national datasets
[13,14] to enhance resolution. Tools for calculating annual, whole-building energy consumption were recently adapted [15] to
auto-generate building archetypes by region and era based upon the nationwide Property Data Survey Programme (PDSP) building
fabric dataset [16]. These models demonstrated a reasonable match to measured Display Energy Certificate (DEC) data. We have also
incorporated airflow modelling into updated classroom models [17] to account for the effect of external temperature and wind on
ventilation airflows.

Hence, school building stock models predictive of classroom performance should incorporate (a) energy and IEQ performance
criteria, (b) pair-wise energy retrofit and IEQ improvement scenarios and (c) archetypes. On the basis of this multi-objective problem,
we initiated the ‘Advancing School Performance: IEQ, Resilience and Educational outcomes’ (ASPIRE) project, funded by the UK
Engineering and Physical Sciences Research Council (EPSRC). ASPIRE addresses whether high IEQ in UK school buildings, enhancing
learning and health, can be incorporated into school buildings while achieving lower carbon emissions. A key output of this work is for
us to create a toolkit to assess relative impact of different future scenarios on IEQ and energy criteria across the heterogeneous stock.

1.2. Research objectives

The aim of this study is two-fold:

1. To determine the extent to which combinations of pair-wise energy efficiency retrofit and IEQ improvement interventions influence
comfort, health, attainment and energy performance criteria in classrooms across England and Wales.

2. To investigate the impact of building stock heterogeneity on the resilience of the best performing pair-wise intervention for each
criterion.

The following research objectives address individual steps in response to the aims outlined above:

1. To generate model archetypes accounting for stock heterogeneity, and incorporating energy retrofit and IEQ improvement pair-
wise scenarios.

2. To demonstrate optimum pair-wise retrofit and IEQ improvement scenarios for different performance criteria, considering four
classroom orientations and three climate scenarios.

This paper presents our analysis of the results of the building stock-wide simulation of 195 archetypes of UK primary and secondary
school classrooms, developed through the analysis of the PDSP database of over 18,000 schools, incorporating scenario modelling and
performance criteria requirements discussed in the previous section.

In a forthcoming paper by the same authors, we will address quantitively the resilience of the optimal performing pair-wise sce-
narios across multiple stakeholder criteria using multi-criteria decision analysis.

2. Literature review

Fig. 1 demonstrates three dimensions of resolution required for a classroom stock model to meet the objectives set out in the

DYNAMIC
RESOLUTION:
Use of retrofit,

IEQ
improvement
and climatic
scenarios

Fig. 1. Proposed three dimensions of analysis to be carried out.



D. Grassie et al. Journal of Building Engineering 63 (2023) 105536

Introduction. In this section, we describe previous school building research, first exploring the characterisation of building tools for
integrating health, attainment and energy criteria in Section 2.1. We then discuss the use of building stock archetypes for stock-wide
resolution in Section 2.2 and scenario modelling for dynamic resolution of future iterations of the stock in Section 2.3.

2.1. Multi-criteria school building-related research

Classroom monitoring studies have previously identified relationships and conflicts between energy efficiency and IEQ [12,18,19]
in school buildings across Europe. Key findings, applicable to this study, are the need to incorporate within modelling:

- Airflow network modelling of ventilation type and rate [18] and hence operation of ventilation, on energy performance.

- “Integrated design solutions” [12] combining both energy efficiency and IEQ improvements.

- Intra-day and intra-year investigation of periods when “external air can be more polluted than indoor air” [12].

- Simplified [19], rather than exhaustive “time consuming” construction of building simulation models, to sufficiently demonstrate
differences in performance across archetypes and scenarios.

- Additional data such as “building envelope” and “renovation processes” [18], due to limitations of energy performance certificate
(EPC) datasets.

The use of simulation modelling to scale-up classroom monitoring to stock-level analysis had previously been isolated to energy
related issues [20,21]. A key reason for not using models for IEQ prediction may be the empirical difficulties of separating out in-
dividual IEQ mechanisms [22]. It has been found that significant drops in attainment are usually a result of multiple IEQ factors [23].
Measured impacts have also been variable across performance of different attainment-based tasks [22], negating the value of such
models in predicting a broad definition of attainment.

Due to these discrepancies between individual studies, meta-analysis [1], and surveys [24] have been used to derive effects of IEQ
on student performance. Associations between cognitive performance and internal temperature [5] and ventilation rate [8] have been
recently reported. By linking these findings to building simulation outputs [7], our research team has facilitated analysis of changes of
climate, building typology and ventilation on cognitive performance. However, the school sector has not yet fully developed building
models providing indicative outputs of attainment which could be coupled to modelling campaigns. Other UK sectors such as resi-
dential [25,26] and care homes [27] have focused on characterising buildings based on health effects of IEQ.

The relative importance of achieving various performance thresholds for each criterion is a key issue when generating multiple
criteria (such as health and attainment measures) through a common modelling framework. While determining performance of
buildings in terms of health, attainment and energy criteria requires definition of acceptable thresholds, there are three main cate-
gories of criteria available:

1. Criteria with defined exposure limits due to the need to drive policy to address specific health concerns. Such criteria and associated
limits include external contaminants [3] and overheating/internal CO2 [4]

2. Criteria which require minimising/maximising and have a common scale for measurement and prediction but no current defined
limit. This includes energy use, where benchmarking [28] is being used to track relative progress of individual buildings against the
energy performance of the stock as a whole.

3. Criteria which require minimising/maximising, for which building simulation can predict relative changes in performance, but are
incompatible with measurements. This includes attainment, where acceptable thresholds or common measures have not yet been
defined since direct measurement is not possible and proxies (such as exam performance) have to be created and used instead.

The clearer definition of standards of criteria in category 1) may make them easier to address at the expense of harder to report
criteria in category 3). Hence, deriving cross-criteria performance of schools is critical in order to ensure consideration of less
quantifiable but equally important indicators of performance. Studies which have focussed ostensibly on energy in different era
buildings [29] mentioned changes in IEQ as being a driving force to more fresh air, and hence greater heating requirements in case
studies. However, while overheating and indoor air quality have been analysed in recently built schools, these have been done in
isolation to energy use rather than concurrently [30].

2.2. Stock-wide resolution of comfort, health, attainment and energy use

Energy [31,32] and IEQ criteria [26,33] have been simulated separately for entire districts. This has been achieved by coupling
governmental census [31], land-use [32] and housing surveys [26,33] with geometric or contaminant datasets. These studies
demonstrate the use of single criterion models across a diverse set of buildings comprising entire sectors. However, analysis of energy
retrofitting across different typologies has only been possible where occupancy patterns [31] have been harmonised, and in this case
only energy, and not IEQ measures, have been investigated.

A trade-off between more detailed archetypes, with smaller sample sizes within each archetype, and greater number of buildings
within less detailed archetypes had been demonstrated within residential building stock models [34]. While the former may constrain
significance of analysis of policy decisions due to small samples, the latter case may suffer from archetypes being insufficiently
descriptive, due to averaging across a large number of heterogenous buildings [35]. A second trade-off is that while approximation of
building fabric within archetypes may prevent calibration at an individual building level, by demonstrating dynamic impacts of
changes to the stock, rather than a static description, engagement can be achieved with policymakers [36].
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2.3. Dynamic resolution utilising scenario modelling

Scenario modelling had been used previously to investigate energy use and internal temperatures concurrently for a range of
operational measures for school buildings in a changing climate [37]. Although operational measures were added iteratively to the
process, there was no indication of how this would change at stock-level once heterogeneity was accounted for. Governmental
resilience modelling in the UK [38] accounted for this heterogeneity by including geometric changes, such as orientation, room height
and glazing ratio, within a single baseline model of a real school. Relevant stock-wide measures were designed for mitigating over-
heating through worsening climate scenarios. However, stock-wide scenarios were IEQ improvement measures alone, such as night
ventilation and use of thermal mass, rather than a mixture with retrofit. Similarly, a schools model in Karlsruhe, Germany [39] de-
scribes optimal overheating mitigation efforts by stock typology, but without further pairing with the degree of retrofit.

While school building datasets offer stock-wide coverage, this tends to be limited to condition and age [16], limiting scope of stock
archetypes to fabric rather than operational practice. Within a similar sector, a scenario modelling approach in the care-home sector
[27], individualised and combined both “hard” fabric alterations to improve energy efficiency and “soft” operation measures to
improve IEQ. These were provided as a matrix of options and used both future climate files and heatwave periods to analyse resilience
rather than a performance over a typical operational year.

School building stock models have been used previously to simulate energy and IEQ criteria individually. Converting these into
health and attainment has proved challenging due to difficulty of separating out individual effects and lack of agreed metrics. Rather
than show a single snapshot, relative movements in these criteria could be achieved by considering dynamic changes. However, impact
of retrofit and IEQ improvement measures should be considered within the same framework. We have differentiated between
measurability of different criteria against existing standards and relevance to performance. Trade-offs in the use and granularity of
archetypes to approximate the stock have also been identified as key elements. However, the three dimensions of resolution shown in
Fig. 1, of determining performance of multiple criteria across the heterogeneous stock under future scenarios, is the basis of the novel
approach reported in Section 3.

3. Methodology

3.1. Construction of building simulation models

We have provided an overview of the process of automating 42,120 unique simulations of UK school buildings in Fig. 2, which is
described in detail in the following section. From a single EnergyPlus [40] seed model, we incorporated four different orientations

Process  Featuresadded Development of stock-model
(No. of variants): (No. of models at each step):

T T T T T T T T T T T T T T T T T T T T seed Model (1 model)

Seed model Orientation (4 options):
construction N, S, E, W facing ‘ ‘n ‘
(Section 3.1.1) See Figure 3 .

—— e -~ — -

Phase of Education (2): Era + Phase (10)

> s o e P2e Pa o
Primary, Secondary .. ‘. .. = .. = .. = O. =
Construction eras (5): T e g8 Te Te oo

generation Archetypes (195)

! Geographical region (13):
(Section 3.1.2) egraphical region (13)

See Figure A-1

Ventilation type (2):
Natural, Mechanical
See Table A-2

S - T

Scenario models (4680

Fr— See Table 1 - .

Retro-fit scenarios (4):
: et
Scenario See Table 2 peration

delli Keep heat Passive

modelling ‘ out ventilation

(Sect|on 3.1.3) Operational scenarios (5) External Manage
See Table 3

Climate scenarios (3) . f
) i Total simulations (42120
Simulation 2020s, 2050s, 2080s { )

(Section3.2)  contaminants (3) ‘ 2020s | 2050s

CO,, NO,, PM; 5

mediate
EnerPHit
retro-fit

shading heat

Cumulative

|

Fig. 2. Overview of steps for auto-generating UK classroom stock models.
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within each model. 195 archetype descriptions and 24 pair-wise scenarios were then auto-generated by utilising Python scripting [41]
on UCL’s Myriad High Performance Computing module, coupled with the EPPY library [42]. We batch simulated the auto-generated
models for three different indoor contaminant types (CO3, NO2 and PMys) and three climate scenarios. We then carried out
post-processing of the output files, also using Python, to derive the 6 performance criteria identified in Section 3.3.

3.1.1. Seed model construction

We created an EnergyPlus seed model with the geometry given in Fig. 3, approximating a single-side ventilated classroom. This is
located within a block of classrooms inside a school building, surrounded above, below and either side. We created an airflow network
model as described previously [17], defining the external wall as shown in Fig. 3, with glazing properties and opening scheduling
defined in the following sub-sections.

Table A-1 in the Appendix provides details of internal gains, defined by Building Bulletin 101 (BB101) [4], which we implemented
within the model to facilitate heating demand and overheating calculations during heating and cooling seasons respectively.

UK school buildings are required to be open for at least 190 out of the 260 weekdays of the year (R [43]. Exact timing and number of
holidays varies from region to region, and annually depending on which month Easter falls. In addition, the extent of occupancy during
holiday periods varies since some schools will be closed whereas others will continue to operate children’s clubs.

During the cooling season, the BB101 overheating calculation [4] specifically requires classrooms to be occupied during weekdays
from 1st May to 30th September. This neglects the summer holiday period of around 6 weeks from July to September in England. We
decided to follow this occupancy pattern consistently throughout the entire year since it is not possible to match 190 occupied
weekdays without removing up to 70 weekdays from the heating period from 1st October to 30th April, underestimating the
requirement for space heating. An alternate approach could be to combine the National Calculation Methodology (NCM) [44] for
occupancy during the heating period. However, assumptions around internal loads differ between the NCM and BB101 and it was
accepted that due to the occupied summer period, annual heating calculations are not going to be an exact match for annual heating
load in practice. As discussed in Section 2, the model has been defined to simulate relative changes in criteria between two model
results rather than define a base-line for a single model. Hence we decided that adding additional assumptions and complexity about
when the school is unoccupied is likely to reduce rather than enhance comparability of results. Therefore Table A-1 refers to year round
schedule of occupancy on weekdays, rather than including holiday periods.

3.1.2. Archetype generation
We constructed archetypes by first incorporating phase of education (primary/secondary) and era of construction, shown below in
Table 1, to include the following features:

- Categorisation by era was based upon previous life-cycle analysis [45].

- Use of cavity walls for post war archetypes was based upon the practice in UK buildings at the time [46].

- Double-glazed windows were included in the most recent Post-1976 archetype only [47].

- Floor to soffit heights were implemented based on the Resilient School Buildings Programme [38].

- Glazing ratios were derived from a weighted average by floor area of all glazing ratios within each of the 10 combinations of
primary/secondary school and construction era within the PDSP [16].

Evidence of how airtightness varies across construction age had not been found to be significant at 95% confidence interval [48],
hence we decided to fix permeability at 9 m®/h/m? @50Pa, representing a “normal” school [49].

For the second stage of archetype construction, we interrogated the PDSP database to determine the number of schools in the UK
under four different categorisations (phase of education, era of construction, geographical region and ventilation type). If present, we
then generated the relevant archetypes from the appropriate phase/era seed models. We used geographical region, defined as degree-
day regions in energy benchmarking [28] shown in Appendix Figure A-1, to select the regional weather files used for simulation, as
described in Section 3.2, rather than model construction.

Although our research group have previously categorised around 95% of over 18,000 premises in the PDSP database as naturally
ventilated [50], the ASPIRE team auto-generated separate mechanical and naturally ventilated archetypes, where available within the
PDSP. Since the PDSP has not recorded any assumptions about the mechanical ventilation system other than condition, we assumed
that both infiltration and ventilation rates meet design standards, parameters of which are given within Appendix Table A-2.

Internal surfaces:

Zero heat and air flow

Infiltration: | Ventilation:

h (see

Table 1 Cracks at

Trickle vent

bopiand External (100 mm
8.0m S Boktom Ventilation: Window wall: width)
S {a0dmm WWR from PDSP, | material
width) based on

« hedule from Table A-1

Fig. 3. Geometric representation of seed model, showing four orientations.
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Table 1
Definition of era archetypes.
Pre-1918 Inter-war 1945-1967 1967-1976 Post-1976
Floor to soffit 4.5 3.6 2.7 2.7 3.6
height, h (m)
Glazing ratio (%) 25% 27% 25% 25% 27%
(primary)
Glazing ratio (%) 29% 30% 28% 26% 29%
(secondary)
Glazing type Single- glazed Single- glazed Single- glazed Single- glazed Double-glazed with air
External wall Brick 225 mm, Brick 225 mm, Plaster, Brick 125 mm Air Plaster, Brick 125 mm Air Brick 125 mm Air gap 10 mm,
description Plasterboard, Plasterboard, gap 10 mm, Brick 100 mm,  gap 10 mm, Brick 100 mm,  Brick 100 mm, Stone wool 25
(Outer to Plaster. Plaster. Plasterboard, Plaster. Plasterboard, Plaster. mm, Plasterboard, Plaster.
inner)

3.1.3. Scenario modelling

We have created a matrix of 24 pair-wise combinations of four energy retrofit and six IEQ improvement scenarios. Table 2 sum-
marises progressive improvements which we applied to fabric to the base (Base) description from Table 1, to Building Regulations
(MinR), intermediate (IntR) and EnerPHIt (EnPH) retrofit scenarios. The final row, indicating heating system efficiencies, is described
in Section 3.3 on post-processing. Wall and window U-values corresponding to each retrofit scenario are summarised in
Appendix Table A-3.

The six IEQ improvement scenarios comprise a Base case (BaseOp), four scenarios based on individual measures and a cumulative
(Cumtve) scenario incorporating all four individual measures. The individual measures are shown in Table 3.

3.2. Simulation

We simulated all 24 scenarios for each of the 195 archetypes at hourly timesteps over a calendar year for three different
contaminant types (CO3, NO5 and PM; 5) and a range of variables, summarised later in Table 4. We carried out all simulations in
parallel using the Myriad High Performance Computer (HPC) module to generate all output files in around 4 h. For each model, we
selected three weather files, representing three climatic scenarios (2020s, 2050s and 2080s) corresponding to the relevant
geographical region. We sourced weather files from CIBSE’s current and future weather files, based on UKCP09 climate projections
[53], for which EnergyPlus weather files are readily available in suitable format for simulation. Table A-4 in the Appendix describes the
process which was used to select and create hybrid weather files.

Internal CO, concentration was calculated by EnergyPlus at each hourly timestep as a function of CO, generated by occupants
(based on Table A-1), diluted by ingress of external air. We fixed current external and initial classroom concentration at 435 ppm for
2020s, based on 415 ppm 2020-21 average value [54] with a 20 ppm uplift to account for urban setting [55]. Since the Medium
emissions case corresponds to the A1B IPCC scenarios [56], we calculated the 2050s and 2080s CO; concentrations including urban
uplift as 552 (532 + 20) ppm and 669 (649 + 20) ppm respectively.

Since EnergyPlus does not permit external contaminant concentrations to vary on an hourly basis, hourly internal NO5 and PM5 5
concentrations were calculated using Python for each simulation during post-processing by multiplying:

- External concentration, specific to geographical region and contaminant.
- EnergyPlus calculated indoor-outdoor ratios (I/0 ratio) for each simulation.

In the absence of reliable estimates, and with viability of future reduction strategies [57] outside the scope of this work, we decided
to use the same external concentration figures across all 3 climate scenarios. We used hourly rather than monthly or weekly averaged
external concentration and 1/0 ratio data since intra-day variations and week-long peaks of high NO5 or PMj3 5 could be lost at lower
resolutions. Fig. 4 shows intra-day and weekly variation of both contaminants from a typical fortnight, illustrating this point.

Table 2
Definition of retrofit scenarios.

Base

MinRetro

IntRetro

EnerPHIt

Description

Reference
External wall insulation

Permeability m3/hm? @
50Pa Nat. vent. only
Glazing

Heating system
efficiencies

No changes to underlying
archetype models

[15]
As in Table 1

9
As in Table 1
80% efficiency (post-

processing - not applied in
EnergyPlus)

Compliance to Building
Regulations 2021, Part L in
England

[51]

Added 70 mm external
expanded polystyrene (EPS)
8

Double (Air) with low
emissivity (All eras)
85% efficiency

Intermediate (mid-range)
energy retrofit package

[17]
Added 70 mm external EPS

Double (Argon) with low
emissivity (All eras)
90% efficiency

Based on EnerPHIt retrofit for a
cool/temperate climate

[52]
Added 150 mm external EPS

0.89

Triple (Argon) with low
emissivity (All eras)

Convert to heat pump electric
with 350% coefficient of
performance
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Table 3
Definition of individual IEQ improvement measures.
Abbreviation KpHtOt ExtSha Manage PasVen
Full name Keep heat out External shading Manage heat Passive ventilation
Component of Wall albedo, internal blinds Overhang above window Internal wall Ventilation schedule, opening size
system thermal mass

Change made

Visible and solar absorption
decreased from 0.7 to 0.1, Blinds
close with 120W incident sunlight

50 mm thickness overhang,

top length of window

projecting 800 mm, added along

50 mm cast
concrete added
within envelope

Ventilation available weekdays 24 h/
day, opening size decrease to 1/3x to
account for greater availability

Table 4

Derivation of six performance criteria from EnergyPlus outputs.

Criteria Short label EnergyPlus outputs used After processing
Pupil learning performance Attainment Internal temperature (t) 1) Calculate the two relative attainment factors y; and y» at
each timestep, i when building is occupied:
Ventilation rate (VR) Yii = 0.2269ti2 —13.441t; + 277.84
[5]
y2i = 0.0086VR; + 0.9368
[81
2) Over simulation year of T occupied timesteps:
S1ixyai
Attainment = -
Pupil and staff sense of thermal =~ Overheating  Operative temperature Based on “Annual hours of exceedance” criterion from BB101 [4]
comfort External temperature
Classroom air freshness Stuffiness CO;, concentration Average to get annual CO, concentration (occupied hours only)

Cost savings to NHS due to
pupil/staff illness averted

Cost savings due to reductions
in heating

Air quality

Energy cost

1/0 ratio (NO5 models)

1/0 ratio (PM; 5 models)

Energy use of baseboard heating only,
at each timestep, j HE; (J)

Multiply by hourly external concentrations and average to get
annual NO, and PM; 5 concentrations (occupied only)

1) Calculate annual total heating supply, AHS (kWh/m?):
HEj x

AHS = %:f 1000 * 602

Where f is Floorspace (m?), 1 is efficiency factor or COP,

from Table 2

HE; is baseboard heating energy (J), at timestep j

2) For Base, MinR, IntR: Cost = AHS * unit gas cost For
EnPH: Cost = AHS * unit electric cost

For Base, MinR, IntR: Emissions = AHS * heating carbon intensity

For EnPH: Emissions = AHS * grid carbon intensity

Reduction in school building Emissions

carbon footprint

Energy use of baseboard heating only,
at each timestep, j HE; (J)

We defined the following process to calculate hourly internal NO, and PM> 5 concentrations:

1. We downloaded raw external hourly data for all sites for which 2019 hourly data was available via the UK Department for
Environment Food and Rural Affairs (DEFRA) monitoring website [57]. We then grouped all hourly annual data by contaminant
(2x) and geographic region (13x) to create 26 sub-sets of data. We replaced gaps in data with preceding values and for a couple of
regions where there were no monitoring stations, we used adjacent regions.

2. We plotted all data from each sub-set to determine which single monitoring station provided the closest to typical median values
consistently for each respective contaminant and region.

We then calculated I/0 ratio of each contaminant, for each region, through windows and surfaces at each hourly timestep by setting
external concentration to 1. For surfaces, EnergyPlus calculates flow using deposition velocities based on surface area and experi-
mentally derived deposition rates of 0.87/h [58] for NO3 and 0.19/h (C. M [59]. for PMjy 5.

3.3. Post-processing and performance criteria derivation

We identified six performance criteria through engagement with a Project Advisory Group consisting of governmental, academic
and industry stakeholders: attainment, overheating, stuffiness, air quality, energy cost and emissions. Table 4 describes the calculation
of the metrics for the six criteria, with air quality comprising both NO, and PM; 5 components and overheating simplified to a single
criterion to simplify quantitative comparison. We coded the relationships to derive these from files of hourly EnergyPlus output data
created by each individual EnergyPlus simulation using Python scripting.

For attainment, it is important to note the validity of the attainment calculation only within specific temperature (20-28 °C) and
ventilation rate (2-7 1/s/person) ranges. This is due to availability of empirical data, which may impact the viability of such measures
in extreme heat/high ventilation scenarios. Although a relative measure, the percentage result provided is related to reference con-
ditions of 20 °C and 7.35 1/s/person, when the attainment metric equals 100%.

To calculate air quality criteria, we used the same methodology, using 1/0 ratios from EnergyPlus, coupled with penetration factors
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Fig. 4. Intra-day and weekly variation in NO; and PM; 5 from Thames Valley monitored data.

and external concentrations as presented previously [17]. For energy cost and emissions, we used the following parameters for energy
costs and carbon intensities:

- We derived unit gas and electricity costs of £0.08/kWh and £0.30/kWh, respectively from the USave consumer website in July 2022
[60] and kept them constant for later periods.

- We used a heating carbon intensity factor of 203 gCO2/kWh, representative of domestic gas supply, for all scenarios. Grid electricity
carbon intensity factors are 151.5, 51.8 and 0 gCO2/kWh for the 2020s, 2050s and 2080s scenarios in line with the “Steady
progression” scenario from National Grid [61] in decarbonising the grid. Although the UK government’s Clean Growth Strategy
[62] includes a move to electrical heat pumps, grid/fuel mix has been maintained except where part of the EnerPHIt retro-fit
strategy.

As discussed in Section 2.1, the derivation of implications for policymakers requires visibility on the regulations and standards
which exist to drive improvements in the above criteria:

- Air quality: The World Health Organisation (WHO) [3] has recently updated annual air quality guidelines on NO2 and PM3 5-10
pg/m3and 5 pg/m?3 respectively.

- Overheating: BB101 [4] defines overheating in terms of three criteria, of which the first, annual hours of exceedance, provides the

minimum requirement for assessing overheating risk at under 40 h annually. The other two criteria: daily weighted exceedance and

upper limit temperature, while used to report extent of overheating, are indicative of peak short term discomfort during heatwaves

and as such are less indicative of performance over the year.

Stuffiness: “sufficient outdoor air should be provided to achieve a daily average concentration of CO2 of less than 1500 ppm” [4]. An

equivalent figure of 1000 ppm for mechanically ventilated classrooms is also described.

Energy: Annual fossil fuel energy use intensity per unit floorspace in kWh/m? could be used for benchmarking individual school

buildings against a “typical” school [28]. For this research, however, we could not convert classroom heating demand into a whole

building figure without making many assumptions about the use of the rest of the building. Instead, our research team previously

validated whole building models constructed with a similar methodology against DEC data to demonstrate the robustness of

simulation methods [50] across the stock.

3.4. Format and weighting of analysis

Since performance criteria vary across archetypes, climates and orientations as well as across scenarios, a common normalised scale
is required to show best-performing pair-wise scenario when aggregated, as in Section 4.1. Hence, we created normalised criteria
performance, 6,,ca1, for every pair-wise scenario, p, to facilitate evaluation of each criterion, c, across a set of models, alo, representing a
specific combination of archetype, a, climatic scenario, 1 and orientation, o:

Cpato — Min(c)
max(c)

0/7(‘(1/0 = ~ min (a?)

alo alo

Since attainment is the only criterion which requires maximising rather than minimising, we used the following formula, for when
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¢ = attainment, so that the best performing pair-wise scenario has Opcalo = 0 across all criteria.

Max(€) = Cpalo

Opeato (¢ = attain) = max(c),,, — min(c)
alo

alo

In Table A-5 of the Appendix we derived the frequency of occurrence of the 195 era-geographic archetypes within the PDSP, by
ventilation type and phase. This provides weighting factors to each archetype for the following analysis, with archetypes constituting
<0.1% of the floorspace in the PDSP excluded from the analysis. While the trends of naturally ventilated primary schools comprising
72.5% of the entire stock are not surprising, it can be seen that a relatively higher proportion of secondary school floorspace is me-
chanically ventilated (roughly 50:50) than primary school (roughly 1 in 30). The three regions of Thames Valley (26.1%), West
Pennines (15.6%) and Midlands (14.3%) comprise just over half of the stock and that the Pre-1918 and 1945-1967 era-archetypes are
most common, representing around half the stock. We have considered this propensity when simplifying the simulation results deck in
Section 4.2.

4. Results

4.1. Performance of each pair-wise scenario by criterion

Fig. 5 shows, for the Overheating criterion, the performance of each pair-wise scenario, summarised using boxplots showing
quartiles, of the normalised performance, 8pcal0. The boxplots collate the relative performance of each pair-wise scenario across 115 of
the 195 archetypes remaining after implementing the filtering process described in Section 3.4. For overheating, this variable rep-
resents a linear measure of extent of overheating from 0 (top performing/lowest number of overheating hours within each set of 24
pair-wise scenarios) to 1 (most problematic/highest number of overheating hours). The pair-wise scenarios on the x-axis are a com-
bination of:

- Increasing extent of retro-fit scenario (Base-, MinR-, IntR-, EnPH-), described in detail in Table 2.
- Six scenarios of IEQ improvement measures:
o Base case operation as defined in Sections 3.1.1 and 3.1.2 (-BaseOp)
oFour individual IEQ improvement measures given in Table 3 (-ExtSha, -KpHtOt, -Manage, -PasVen)
0A cumulative scenario comprising all four individual being applied (-Cumtve)

The top performing scenario is the least energy retrofitted option (Base), which provides most consistent movement of heat and

Table 5

Relative influence of stock-wide factors on performance criterion by pair-wise scenario (Baseline is the London,
Pre-1918, N-facing, 2020s classroom. Colour coding: Red: > 80% to indicate percentage change in the ‘wrong
direction’, Green: > 80% to indicate percentage change in the ‘right direction’, white for ‘no change’ with degrees
of shading in between).

Pa.". chn- Region Copsnieton Climate | Orientation .
e wise ario era Adjusted R
S scen- base- | Birmin- Square
. . Leeds 2050s S-facing q
ario line gham
Base-
-93 -10:
Overheating | BaseOp &8 g B
(annual h) Base- 100 111 114
Cumtve
NO; Base- |'5139 | 278 | -12.06
BaseOp
average Base
P 15.70 -2.37 -9.4
(vg/m’) Cumtve e
PMys Base- | 758 | 098 | 071
BaseOp
average e
3 - -
(ug/m3) o 6.67 0.97 0.69
Base-
J 0.69 0.64
Attainment BaseOp GEHEY * *
(%) Base-
KpHtOt 83.38 +0.93 +0.96
Stuffiness | 020 [ 1067.8 | +317 | +26.1
BaseOp
ave. annual EnPH-
CO; (ppm) Manage 859.5 | +189 | +16.3
Energycost | 02°% | 186 | +0.36 | +0.36
2 BaseOp
(&/m MinR-
floorspace) 0.59 +0.23 +0.24
Cumtve
Emissions | 03¢ | 471 | +091 | +091
2 BaseOp
(keCOo/m? e
floor) 0.05 +0.02 +0.02
Cumtve




D. Grassie et al. Journal of Building Engineering 63 (2023) 105536

1 g
0.9 =
?:D ;:‘ $
= 3 H e
< 0.8 ° $ .
2 . e Bl g
° g °
o 0.7 8 o § § N
> ] .
o Q 3“
5 06
() ) H
L 0.5 S 4 0
a0 H :
o o
T 0.4 e
°
] o o
2 03
= o
£ 02 s
5 8
= 8
01 * | |
0 : *
(7] [T
W Q 4 v Q = c [T
Q. 1] c 3 £ S
O ©® 0O g >0 20 B 029 g % e YO SO R I 2
£ g © Y & g &£ &2 5 0 80 @ 0 2 0 5 22 5 e
Y B T € 2 £ vw @ I g £ 3 5§ £ ¢ > vw I g v t
¥ 58 845 @8 kX o ® 3 wn Y I 5§ w € @8 $ o« ®©® 3
O 0 Y S &0 90 WX 2 a0 o0 %X Qg © 3 0 W X & a O
<= i i \ i i 0 i 0 v : i 7
d & & & & @ & < (4 Q@ uwx <« Q& ¢ T T T T T T
w o\ L\ LK oW £ € € € € € @ & & & &€ € a o o o o o
W @© @®© @© @© @O & €S € € € € ¥ F EF £ E £ cccc c c
W O O O O o e € € € € & & & & & - W W w w ww

Fig. 5. Boxplot indicating extent of overheating of each pair-wise scenario relative to the worst and best performing pair-wise scenario (0 = lowest number of
overheating hours within each set of 24 pair-wise scenarios, 1 = highest number of hours, 0.5 = exactly halfway between lowest and highest hours).

airflow through fabric, coupled with all four IEQ improvement measures within the cumulative (Cumtve) scenario. Demonstrating the
relative impact of individual measures; coupled to base retrofit, use of albedo and blinds (KpHtOt) and external shading (ExtSha)
appear most effective relative to passive ventilation (PasVen) and use of thermal mass (Manage). However, as the degree of retrofit
increases, passive ventilation becomes more effective at mitigating overheating. This is indicative of the greater relative importance of
night-time heat retention over day-time heat absorption in breaches of the overheating threshold during occupied day-time hours. NO,
air quality criterion, as demonstrated in Appendix Figure A-2, displays similar trends as overheating with respect to highly favouring
the leakier, non-energy retrofitted base case due to maximising ingress of air at night time when pollutant levels are low.

Based on Fig. 6, the un-retrofitted base option provides the least negative impact on attainment. The presence of a separate set of
outliers indicates differences for less prevalent mechanically ventilated schools. In the equivalent plot for stuffiness in
Appendix Figure A-3, a converse preference is demonstrated for the EnPH retrofit since natural ventilation is utilised for a larger
proportion of the year than in schools retrofitted to a lower energy efficiency standard. Aside from a 10 min forced purge period at the
start of each occupied hour as indicated in Table A-1, the only means of CO, removal is when cooling is required above the setpoint of
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Fig. 6. Boxplot indicating extent of attainment reduction of each pair-wise scenario relative to the worst and best performing pair-wise scenario (0 = lowest reduction
in attainment within each set of 24 pair-wise scenarios, 1 = highest reduction, 0.5 = exactly halfway between lowest and highest percentages).

10



D. Grassie et al. Journal of Building Engineering 63 (2023) 105536

23 °C.

In terms of IEQ measures, for both criteria the use of passive night ventilation for overheating mitigation appears to have a negative
effect. This is due to lower required ventilation rates when the classroom is occupied and ventilation rate being independent of CO4
concentration. A very marginal relative difference between the other three IEQ improvement measures (ExtSha, KpHtOt, Manage) and
base operation demonstrate the impact of attainment having dual dependence on internal temperatures and ventilation rate, which are
interdependent in the model.

Although some degree of retrofit is highly preferential, Fig. 7 shows the extent to which middle-range MinR and IntR retro-fit cases
are sufficient at minimising heating without having to resort to expensive EnerPHIt (EnPH case). As shown in the equivalent energy
costs plot (Appendix Figure A-4), the relatively higher cost per unit (despite differences in efficiencies) of using the heat pump in the
EnerPHIt option skew costs to make it less favourable. IEQ improvement measures used appear to only be significant for non-retrofitted
scenarios.

4.2. Impact of school stock features on performance

We simplified the simulation results deck to investigate the influence of stock heterogeneity on the performance of each criterion
for the top individual pair-wise scenarios. 36 different archetype-orientation combinations were retained by consolidating the
following factors, based on propensity derived in Section 3.4:

- Four orientations have been reduced to two most extreme (North/South facing)
- Four climatic scenarios reduced to two most recent (2020s/2050s)
- Five construction eras reduced to three most diverse (Pre-1918, 1945-1967, Post-1976)
- Thirteen geographical regions have been reduced to three most diverse, representing:
oSouth Eastern — based on London Heathrow weather (Z01)
oWestern — Birmingham (Z06)
oNorthern — Leeds (Z10)

Using the North facing, 2020s climate, Pre-1918 construction, London Heathrow classroom as the reference baseline, multiple
linear regressions have been carried out for each criterion for the best performing pair-wise scenario, as presented in Table 5, row by
row. Regression coefficients and p-values for the multi-linear regressions carried out for each row in Table 5 are given in the
Appendix Table A-6. For each regression, absolute values of each criterion have been used as response variables and each of the four
factors above were utilised as dummy explanatory variables. To test the resilience of the best performing pair-wise scenario across the
four factors, two regressions have been carried out for each criteria, with the Base-BaseOp scenario provided for baseline comparison.

Based on Section 4.1, we have identified the following four retrofit-IEQ improvement pair-wise scenarios as generally top-
performing for various individual criteria, and have included them together with baselines in the second column descriptions.

- Base retrofit paired with Cumulative operational scenario (Base-Cumtve) for Overheating, NOy and PM; 5 exposure
- Base-KpHtOt for Attainment
- EnPH-Manage for Stuffiness
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Fig. 7. Boxplot indicating extent of annual carbon emissions of each pair-wise scenario relative to the worst and best performing pair-wise scenario (0 = lowest
emissions within each set of 24 pair-wise scenarios, 1 = highest emissions, 0.5 = exactly halfway between lowest and highest emissions).
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- MinR-Cumtve for Energy costs and emissions
From left to right, Table 5 contains the following results of the regression.

- In the third column, we have included a comparison of the intercepts of each criterion’s regression of applying the best retrofit-
operational pair-wise scenario instead of the baseline scenario. For example, the baseline of 253 annual overheating hours is
reduced to 100 h by applying all 4 operational measures via the Base-Cumtve scenario.

- The absolute change in each criterion is given by regression coefficients of each individual change in factor, across all 36 different
archetype-orientation combinations, for both baseline and top-performing pair-wise scenarios. For example, overheating is reduced
by 93 h by moving to Birmingham from the London baseline scenario (Base-BaseOp), and 111 h for the best performing scenario
(Base-Cumtve).

- The Adjusted R squared value for each regression, noting that the impacts of the Climate factor for the Energy cost and Emissions
criteria are not significant at 95% confidence level (shown in grey), while all other values are.

- The final two columns denote colour coding applied to indicate improvement/deterioration and percentage change in each cri-
terion. We selected the range arbitrarily to facilitate comparison of relative impact of different factors within each criterion and
across different criteria. We have applied these both to percentage change:

oFrom Base-BaseOp to best-performing scenario in adjacent rows of column 3.
oDue to factor changes (columns 4-9) from base-line (column 3 of same row).

Let us consider the first row corresponding to the “Base-BaseOp” combination intervention. For that, the number of overheating
hours is 252.7. On average, the change relative to the London region is —93 h for Birmingham and —103 h for Leeds (assuming all other
explanatory variables are the ‘reference’ value). In terms of construction era, on average the change relative to the pre-1918 con-
struction era is +150 h for 1945-1967 era and +128 h for post 1976 era. In terms of climate, on average the change relative to the
2020s is +54 h for 2050s. Finally, in terms of class orientation, on average the change relative to north facing is +211 h for south
facing.

Since the direction of changes in criterion are fairly intuitive for most factors in Table 5, the relative magnitudes between factors are
of most interest with the following salient points for each criterion:

- Overheating: North/South-orientation shifts from being the most important factor for overheating for the baseline to the least
significant factor. As suitable operational measures are applied, external climate and heat transfer become more significant.
NOy/PM; 5 annual averages: The impact of the Cumtve scenario (due to use of night ventilation when there is less traffic) and
location is relatively higher for NO, than PMj 5. This is due to the daily cyclical nature of NO; and sensitivity to location, compared
to greater persistence of PM; 5 concentrations, documented in Fig. 4.

- Attainment: 1945-1967 era-construction, has been shown to be at least 3x more detrimental to attainment than any other factor.
Lower floor to ceiling heights relative to pre-1918 classrooms make it more difficult to fully mitigate against using increased albedo
alone to keep heat out. This is due to the reliance of attainment on both low internal temperatures and high ventilation rates, which
although interdependent, are both boosted by having additional air volume.

Stuffiness: Factors which improve heat retention (using EnerPHIt, being South-facing) appear most positive, since they facilitate
temperature-driven ventilation for a greater proportion of the year. However, there are a couple of notable exceptions. Negative
impact of low ceilings in the 1945-1967 archetype outweigh increases in insulation. Also, increasing external CO2 (by 117 ppm) in
the 2050s is a more dominant effect than the increased use of ventilation which would lead to lower internal CO5 concentration.
Energy cost/emissions: The improvement in energy criteria performance by using the MinR retrofit is equivalent in magnitude to
the improvement seen through the 1945-1967 and post-1976 era-archetypes. However, other contextual factors such as orien-
tation, region and climate are less critical. These have been quantified respectively at roughly 1/3, 1/4 and 1/6 of the impact in
absolute energy demand terms, relative to the baseline.

In terms of reference to existing standards described in Section 2.1, Table 5 shows that all but a small number of cases (usually Pre-
1918 Leeds cases with the Base-Cumulative scenario) breach existing guidelines of 10 pg/m? for NOy, 5 pg/m® for PMy 5 and 40 h for
annual overheating. This demonstrates a further need for optimisation of timing and temperature of fresh air provision in terms of
setpoints for external temperature and contaminant concentration.

5. Discussion

5.1. Implications for policymakers

We have demonstrated the development of the three-dimensional approach of multi-criteria, stock-wide and dynamic resolution
within a UK classroom stock model, as detailed in Sections 2 and 3. In addition we present the following findings, relevant for future
policy making:

1. On overheating, Fig. 5 demonstrated a shift from shading and albedo to passive night-time ventilation as effective components for
preventing overheating as degree of retrofit increased. However, fresh air supply while occupied remains critical for attainment to
be maintained, potentially conflicting with guidelines on keeping windows closed during summer heatwaves. This is indicative of
the need for published advice on the use and impact of passive measures to evolve as stock retrofit improvements are made.

2. In terms of extent of future retrofitting required, Figure A-3 and Fig. 7 demonstrate an example of the large incremental benefit of
the first retrofit step to Building Regulations standard in stuffiness and energy demand criteria.
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3. Comparison of baseline and best-performing pair-wise scenarios in Table 5 quantified the diminishing causal effect of orientation
on overheating as IEQ improvement measures were implemented within the Cumulative scenario. This indicates a possibility of
mitigating fixed contextual causes of poor IEQ through optimising air flow and heat transfer. However, it also potentially increases
the relative importance of addressing unfavourable fabric related causes of overheating through retrofitting.

4. Classrooms have been identified where the existing set of passive IEQ improvement strategies combined with existing retrofit
standard cannot adequately meet the selected criteria without volumetric alterations or some form of mechanical ventilation. For
low-ceiling modern era constructions, reduced air volume results in an inability to rely simply on operational measures or basic
retrofit to mitigate impact on attainment.

In terms of developing a tool for policy evaluation, most previous research has focussed on scaling up of monitored case studies [12,
19,20] demonstrating operational factors influencing energy and IEQ. Such studies have significant discussion on whether
well-calibrated results could be scaled-up to other types of buildings. The four points presented above indicate that it is possible to
account for differing impacts of energy retrofit and IEQ improvement, working in the opposite way, to scale down stock-modelling to
specific sectors in the design of policy instruments. However, this comes mostly at the expense of calibration, a key strength of case
studies which is a key limitation acknowledged in the next section.

Hence we have demonstrated a novel approach, which could provide policymakers the means to determine the extent to which
retrofit and IEQ improvement scenarios could be paired in order to reach net zero emissions without compromising attainment and
IEQ. Within the constraints laid out in the next sub-section, we have been able to demonstrate performance of various conflicting IEQ,
attainment and energy criteria under a number of dynamic retrofit, IEQ improvement and climatic scenarios, while accounting for
stock heterogeneity.

5.2. Limitations of current approach

We have identified the following limitations and constraints of this research:

- The oversimplification of seed model design excludes other forms of ventilation such as cross and stack ventilation at the expense of
single-sided. Additionally, by using a single external surface, we have assumed that classrooms are surrounded on both sides, above
and below by other classrooms. This negates the effect of specific design features such as flat roofs in post-1945 schools. While
introducing a fourth dimension of study, a stock-wide approach could involve simulating a finite set of classroom geometry ar-
chetypes and ventilation layouts rather than a single seed model.

While the oldest four era-archetypes are related to national school building programmes, our simplification of the post-1976 stock
to a single archetype is a gross over-simplification which requires greater disaggregation. Since 1976 there have been a number of
different school building programmes nationally and regionally. Many studies have demonstrated a wide range of energy and IEQ
performance [21,38] due to vastly different construction types.

While we have incorporated glazing ratio into archetypes, it was averaged over such a large sample of buildings that all glazing
ratios reported in Table 1 fall in a narrow range between 25 and 30%, rendering it practically non-consequential.

We previously demonstrated that urban setting of each individual school is a major relevant factor to providing additional detail in
airflow and shading characteristics [17]. This could potentially be derived individually from the more recent Condition Data
Collection (CDC) [63] containing additional site-level data.

- Peer-reviewed multiple-year hourly air pollution data representative of region would benefit this research, similar to that which
exists for weather files. In conjunction with this and the previous point, the allocation of NO, and PM5 5 monitoring site settings to
specific archetypes (defined as kerb-side, urban background and rural background), could avoid entire regions being labelled as
entirely rural or urban.

More stringent setpoints in the model, possibly related to CO2 concentrations, could improve operation of ventilation. For example,
night ventilation negates the cooling requirement to ventilate as much when occupied. However, there is still a separate fresh air
requirement for maximising attainment during occupied hours, which requires an option to ventilate further, dependent on
external temperatures and contaminants.

The authors’ previous work demonstrated agreement within 4-12% between whole building simulated and DEC measured data
[15]. We also validated peak ventilation rates of 15-20 1/s/person and internal temperatures of 30-33 °C derived from base modelling
[17] against measured values from Western classrooms [2]. However, a key limitation of this work is calibration of relative changes in
criteria, rather than static performance, in response to implementing retrofit and IEQ improvement changes. While applying specific
monitored examples to non-specific stock models may be tricky, it is hoped that in the future a meta-analysis of such examples could
provide suitable values to calibrate such models.

5.3. Future work

Future development of the UK classroom stock model should largely be focussed on ensuring the relevance of IEQ and energy
criteria to performance in real classrooms. While this work demonstrates the output of all criteria individually from a single simulation
run of each model, future iterations of this work should utilise several runs to derive criteria. Such an approach could demonstrate an
operating envelope, for example of IEQ versus energy measures rather than a single point, demonstrating how trade-offs between
different criteria would be achieved in practice. For example:
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e The requirement to use BB101 schedules and setpoints to derive overheating, prevents other operational practices such as out-of-
hours usage and vacating the building during summer months to be investigated.

e Energy costs should also incorporate a penalty in mitigating overheating through an ideal cooling model, rather than present
overheating as a wholly IEQ-related issue, similar to how heating is modelled. The significant overheating hours predicted in our
model would, in practice, should be partially or completely mitigated against. Future multiple simulations of the same model with
different treatment of excessive temperatures could demonstrate trade-off between cooling load energy cost and extent of
overheating.

Similar to changing classroom layout (discussed in the first bullet of Section 5.2), such models would likely require a fourth
dimension to be applied within analysis to optimise across different operational patterns of ventilation and heating timing and
setpoints.

The transparency of addressing criteria which have defined measurement and standards, could lead to others (second and third
categories from section 2.1) being ignored, without a means of prioritising criteria relative to each other. Hence a future paper will
address how such criteria can be weighted using a stakeholder survey and combined within a Multi-Criteria Decision Analysis (MCDA)
tool, to evaluate performance of the pair-wise scenarios across all criteria. This will be aided by the conversion of contaminant
concentrations into specific health costs.

6. Conclusions

We have demonstrated a novel approach to investigate UK classroom stock resilience, based upon multiple IEQ and energy per-
formance criteria, using archetypes to model heterogeneity. We used pair-wise coupling of future retrofit and IEQ improvement
measures to demonstrate change in performance given dynamic changes to the stock. As degree of retrofit was increased, we have
measured the increasing effectiveness of passive ventilation in mitigating overheating when compared to shading and albedo mea-
sures. Conversely, we have quantified diminishing returns to reductions in energy demand from retrofitting from Building Regulation
standard through to EnerPHit.

Our analysis of individual factors of school building stock heterogeneity has helped to demonstrate how the impact of orientation
on overheating could be mitigated through a range of improvement measures. However, through quantifying the impact of reduced air
volume in lower floor to ceiling height in 1945-1976 era constructions on attainment, we have demonstrated a lower effectiveness of
the parcel of IEQ improvement measures. The next step of this work is to consolidate these results into a single recommended option
based on the preferences of different stakeholder groups through MCDA.
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Table A-1
Input values and schedules used in seed model

Parameter Value/Setpoint Schedule

(continued on next page)
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Table A-1 (continued )
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Parameter Value/Setpoint Schedule
Occupancy Density: 0.55 student/m? 100% 09-16 every weekday of the year, otherwise 0%
CO,, generation: 3.82 e 8 m¥/s/W
70 W (primary students)
90 W (secondary)
Lighting 7.2 W/m? 100% 07-18 every weekday of the year, otherwise 0%
Equipment 4.7 W/m? 100% 07-21 every weekday of the year, otherwise 5%
Heating Applied when internal temperature <20 °C for 07-18 every weekday of the year, 12 °C for remainder of the year

Ventilation availability

Open 10 min at start of each hour, otherwise when internal temperature >23 °C 09-16 every weekday of year, closed for remainder

2 TI46 Zones Weather ;tatinn
location
1 Thames Valley| London Heathrow
9 2 South Eastern | London Heathrow
3 Southem Southampton |
4 South Westem Plymouth
5 Sevem Valley | Swindon Brize Norton|
8 6 W idiand Bimni
T West Pennines
1 0 8 North Western Newcastie
9 Borders Newcastie
10 North Eastem Leeds
il East Pennines Nottingham
12 E ast Anglia Norwich
13 Wales C ardiff
7 11

13

Figure. A-1. Geographical regions as defined by TM46 [28] with weather station locations for CIBSE weather files [53]

Table A-2

Air flow characteristics of naturally and mechanically ventilated archetype models.

Air flow feature

Natural ventilation models

Mechanical ventilation models

Infiltration

Ventilation: Trickle vent

Ventilation: Window/

1) Calculate air mass flow coefficient, Co a k

Fixed infiltration rate of 0.1 1/s.m? applied over

where k = air permeability (m®/h/m? @50 Pa), varying for different retrofit  entire external wall surface area

cases
2) Cq normalised by factor of h/0.2, where h = height of room (m),

accounts for only 0.2 m through cracks at top and bottom available for

flow

3) EnergyPlus uses Cq to calculate hourly infiltration rate, Qu Co(AP)" [64]

Air mass flow exponent, n = 0.5 for fully turbulent flow [64,65]
Effective leakage area, ELA = 0.00556 m?

Discharge coefficient, Cq = 0.62

@ Reference Pressure difference, = 1 Pa

[65,66]

Used to calculate trickle vent mass flow rate: m = ELA x Cq/2p *
(AR5 (AP)" (kg/s)

Closed: Air mass flow exponent, n = 0.64

Mechanical (For schedule Air mass flow coefficient, Co = 0.00014 kg/s/m

see Table A-1

Open: Non-pivoted: Top 30% available for flow

N/A

Only available when schedule allows at fixed
rate of 8 1/s.person, to maintain CO; around
1000 ppm [64]; E [4]

With discharge coefficient, Cq = 0.4 to account for 30° maximum opening

[27]

Table A-3

U-values of walls and windows across different retrofit scenarios
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Table A-3 (continued )

Journal of Building Engineering 63 (2023) 105536

Base

MinR

IntR

EnPH

Base

MinR

IntR

EnPH

Description

External wall U-value

No changes to underlying
archetype models

1.916 (Pre-1918, Inter-war)

Compliance to Building
Regulations 2021, Part L in
England

0.337 (Pre-1918, Inter-war)

Intermediate (mid-range)
energy retrofit package

0.337 (Pre-1918, Inter-war)

Based on EnerPHIt retrofit for
a cool/temperate climate

0.19 (Pre-1918, Inter-war)

(W/m?K)- 1.723 (1945-1967, 0.315 (1945-1967, 0.315 (1945-1967, 0.185 (1945-1967,
measured in 1967-1976) 0.735 (Post-1976)  1967-1976) 0.263 (Post-1976)  1967-1976) 0.263 (Post-1976)  1967-1976) 0.165 (Post-
model 1976)

Glazing U-value (W/ 5.8 (Pre-1918, Inter-war, 1.79 1.217 0.747

m?K) - measured
in model

1945-1967, 1967-1976) 3.09
(Post-1976 only)

Table A-4
Selection and creation of hybrid weather files representing current and future climates

Process Parameter Description
Selection Location Based on the 13°-day regions in Figure A-1, each archetype was allocated a weather station
Weather file type, based on: Files were available for: (a) 2020s, 2050s and 2080s climates,
(a) Climatic (b) High, medium, low emissions defined by IPCC (Intergovernmental Panel on Climate Change (IPCC), 2000)
(b) Emission (c) P10, P50 and P90 likelihood of breaching warming levels
(c) Percentile scenarios The three following combinations were selected:
Current: “2020s High P50”, due to being the most likely outcome of the only available emissions scenario (only
high was available due to current emissions trajectory).
Future: “2050s Medium P50” and “2080s Medium P50” as the most likely climates
Hybridisation =~ Process Hybrid weather files created by combining heating and cooling
Cooling season (1st May - A Design Summer Year (DSY1) file representing a moderately warm summer was used.
30th Sep.) For BB101 overheating calculations, as per Appendix Table A-1, the school was occupied every weekday of the
year from 09 to 16. By contrast, UK schools holiday period typically runs from end July to start of September.
Heating season (1st Oct. — Derived from a Typical Reference Year (TRY) file representing a typical year.
30th April)
Table A-5

Relative abundance of different era-region archetypes, by phase and ventilation type.

Ventilation ~ Natural Mechanical
Era Pre- Inter- 1945-1967 1967-1976 Post- Pre- Inter- 1945-1967 1967-1976 Post-
1918 war 1976 1918 war 1976
Phase Region
Primary Z01 4.4% 2.4% 4.6% 4.2% 3.0% 0.1% 0.1% 0.2% 0.1% 0.3%
Z02 0.9% 0.4% 1.3% 0.9% 0.9% 0.0% 0.1%
Z03 0.5% 0.2% 0.6% 0.7% 0.6% 0.0% 0.0% 0.0% 0.0% 0.1%
704 0.4% 0.1% 0.3% 0.3% 0.5% 0.0% 0.0% 0.1%
Z05 0.7% 0.1% 0.9% 0.7% 0.7% 0.1% 0.0% 0.1% 0.1% 0.1%
Z06 2.1% 1.0% 2.7% 2.7% 1.4% 0.0% 0.0% 0.1% 0.0% 0.1%
z07 2.7% 1.2% 2.6% 3.6% 1.7% 0.0% 0.1% 0.1%
Z08 0.3% 0.1% 0.2% 0.2% 0.1%
Z09 0.3% 0.2% 0.5% 0.5% 0.3% 0.0% 0.0% 0.0%
Z10 0.8% 0.3% 0.9% 1.0% 0.6% 0.0% 0.1% 0.1%
711 1.8% 0.7% 2.4% 2.0% 0.9% 0.0% 0.0% 0.1% 0.0%
712 1.0% 0.4% 1.2% 1.4% 1.9% 0.0% 0.1% 0.1% 0.0%
713 0.1% 0.0% 0.2% 0.0% 0.1%
Secondary  Z01 1.0% 0.8% 2.1% 1.1% 1.0% 0.0% 0.2% 0.1% 0.3%
Z02 0.3% 0.2% 1.0% 0.1% 0.1% 0.1%
Z03 0.2% 0.1% 0.3% 0.4% 0.1% 0.0% 0.0% 0.1%
704 0.1% 0.0% 0.1% 0.2% 0.2% 0.0%
Z05 0.1% 0.2% 0.5% 0.2% 0.1% 0.0% 0.1%
Z06 0.5% 0.7% 1.8% 0.6% 0.3% 0.0% 0.1% 0.1%
z07 0.3% 0.4% 1.7% 0.7% 0.2% 0.0% 0.1% 0.0% 0.1%
Z08 0.2% 0.0% 0.1% 0.1% 0.0% 0.0%
Z09 0.0% 0.1% 0.2% 0.3% 0.1% 0.0%
Z10 0.3% 0.1% 0.4% 0.0% 0.1% 0.2% 0.0%
711 0.2% 0.2% 0.7% 0.3% 0.0% 0.0% 0.0%
712 0.1% 0.3% 0.9% 0.5% 0.3% 0.0% 0.0%
Z13 0.0% 0.0%
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Figure. A-2. Extent to which each pair-wise scenario influences NO concentration (0-low, 1-high)
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Figure. A-4. Extent to which each pair-wise scenario influences energy cost (0-low, 1-high annual total)

Table A-6
Regression coefficients and t-statistics corresponding to regression of stock-wide factors against the 7 listed criterion across 35 Base-BaseOp and best performing pair-
wise scenarios

Criteria Pair-wise Scenario Region Construction era Climate Orientation  Adjusted R-
scenario base-line . X Squared
Birmingham  Leeds 1945-1967  Post- 2050s S-facing
1976
Overheating (annual Base- 252.70, -93, -102.83 149.92, 127.5, 54.11, 21.22, 99.4%
h) BaseOp 54.45 —21.64 —23.93 34.89 29.67 15.42 60.20
Base- 99.58, —110.83, —114,42, 134.58, 120.92, 48.78, 14.56, 94.3%
Cumtve 10.75 —12.92 —13.34 15.69 14.10 6.97 2.08
NO; average (pg/m3) Base- 21.39, —2.78, —12.06, 1.31, 1.73, 0.27, 1.53, 99.6%
BaseOp 142.85 —20.04 —87.01 9.48 12.44 2.38 13.48
Base- 15.70, —2.37, —9.49, 2.16, 3.02, 0.35, 0.84, 98.6%
Cumtve 70.41 —11.48 —45.98 10.48 14.61 2.09 5.00
PM; 5 average (pg/ Base- 7.58, —0.98, -0.71, 0.18, 0.27, 0.04, 0.26, 99.8%
m%) BaseOp 910.24 —126.72 —92.02 23.14 35.18 6.25 40.95
Base- 6.67, -0.97, —0.69, 0.42, 0.61, 0.08, 0.19, 99.0%
Cumtve 309.18 —48.38 —34.74 20.88 30.44 4.79 11.66
Attainment (%) Base- 83.00, 0.69, 0.64, —2.29, -1.71, —0.48, —0.89, 93.4%
BaseOp 614.50 5.51 5.15 —18.32 —13.65 —4.67 —8.73
Base- 83.38, 0.93, 0.96, —2.69, —2.14, —0.60, —-0.61, 97.7%
KpHtOt 922.51 11.15 11.53 —32.13 —25.55 —8.77 —8.94
Stuffiness ave. annual Base- 1067.78, 31.67, 26.08 94.75, —60.5, 94.11, —131.33, 98.9%
CO2 (ppm) BaseOp 219.66 7.04 5.80 21.05 —13.44 25.61 —35.74
EnPH- 859.47, 18.92, 16.25, 78.58 9.58, 105.72, -52.61, 99.1%
Manage 285.09 6.78 5.82 28.16 3.43 46.39 —23.09
Energy cost (£/m> Base- 1.86, 0.36, 0.36, —1.31, -1.22, —0.20, —0.52,- 92.7%
floorspace) BaseOp 21.85 4.55 4.56 —16.62 —15.52 —3.06 8.16
MinR- 0.59, 0.23, 0.24, —0.61, —0.55, -0.12, —0.15, 69.7%
Cumtve 6.69 2.81 2.88 —7.47 —6.70 —1.74 —2.30
Emissions (kgCOg/m2 Base- 4.71, 0.91, 0.91, —-3.32, -3.10, —0.50, -1.33, 92.7%
floor) BaseOp 21.85 4.55 4.56 —16.62 —15.52 —3.06 —8.16
MirR- 0.047, 0.019, 0.019, —0.049, —0.044, —0.009, —0.012, 69.7%
Cumtve 6.69 2.81 2.88 —7.47 —6.70 —1.74 —2.30
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