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Abstract

The UK faces an urgent challenge to simultaneously accelerate housing delivery and reduce
whole-life carbon emissions, yet robust empirical evidence on the carbon performance of
modular steel housing remains limited. This study aims to quantify the carbon impacts of
a modular light-gauge steel frame social housing dwelling in the UK and to benchmark
its performance against contemporary low-carbon construction typologies. A cradle-to-
grave life cycle assessment was conducted using primary project data from a real modular
housing development, with embodied carbon modelled in One Click LCA and operational
energy assessed through SAP 10.2-verified datasets. The results indicate a total whole-life
carbon footprint of 91.3 tCO,e over a 50-year period, with embodied emissions (A1-A3)
accounting for 38.2% and operational energy and water use contributing 48.1%. The
normalised embodied carbon intensity of 366 kgCO,e/m? (A1-A5) is comparable to recent
high-performing cross-laminated timber buildings, demonstrating that optimised modular
steel systems can allow for low-carbon outcomes typically associated with bio-based
construction. Sensitivity analysis shows that low-carbon foundation concrete, bio-based
insulation, and steel optimisation can reduce upfront emissions by approximately 8-10%.
Dynamic energy simulations were also used to assess how different design choices influence
operational carbon emissions. This study provides transparent, real-project evidence of
the whole-life carbon performance of UK modular light-gauge steel frame housing and
identifies practical design strategies for further decarbonisation. The findings support
informed decision-making for policymakers, designers, and housing providers seeking
scalable, low-carbon residential solutions.

Keywords: life cycle assessment; whole-life carbon; modular construction; light-gauge
steel frame (LGSF); embodied carbon; operational energy; bio-based materials; low-carbon
housing; geopolymer concrete; building sustainability

1. Introduction

The United Kingdom faces a severe housing shortage alongside the urgent require-
ment to meet national net-zero carbon commitments by 2050. Around 8.4 million people
live in unsuitable or unaffordable accommodation [1], while meeting housing demand
would require delivering more than 440,000 homes per year, far above current construction
rates [2—4]. This shortage is particularly acute within the social housing sector, where cost
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constraints, delivery speed, and long-term operational affordability are critical considera-

tions for housing providers and policymakers [1,3]. At the same time, housing development

contributes approximately 27% of national carbon emissions [5], creating a dual challenge:
increasing housing supply, while reducing whole-life environmental impacts.

Off-site modular construction has emerged as a promising response to these pressures.
Evidence indicates that modular systems can reduce the construction time by 30-50%,
lower costs through design standardisation, and reduce on-site waste while improving
quality and productivity [6,7]. These characteristics are especially relevant to social housing
delivery, where rapid construction, cost predictability, and consistent quality are essential
to meeting demand at scale [3,6]. International experience from Sweden, Japan, and China
demonstrates the potential for high repeatability, reduced disruption, and strong energy
performance [8-10]. However, despite these advantages, the environmental performance
of modular housing, particularly its full life cycle carbon profile, remains insufficiently
evidenced in the UK context.

A whole-life carbon perspective is essential because recent policy developments, such
as the Future Homes Standard, have substantially reduced operational emissions [11],
while embodied emissions from materials and construction account for around half of the
total life cycle impacts in new low-energy homes [12-14]. Despite growing research on
modular construction internationally [15-17], several important gaps remain in the UK
context. Previous research highlights considerable methodological variation in building
LCA studies, including differences in material databases, life cycle stage coverage, and
operational modelling approaches, which can result in substantial variation in reported out-
comes and affect cross-study comparability [18-21]. Embodied and operational emissions
are also frequently assessed in isolation [22,23]. Furthermore, comparative assessments
between steel-based modular systems and bio-based alternatives often draw on heteroge-
neous datasets, or inconsistent system boundaries, making it difficult to derive conclusions
that are directly applicable to UK housing delivery [15,24].

To address these critical gaps, this study presents a transparent, project-specific cradle-
to-grave life cycle assessment of a modular light-gauge steel frame (LGSF) residential
building in Northwest England. The assessment is based entirely on primary material
quantities, manufacturer Environmental Product Declarations (EPDs), and verified opera-
tional modelling inputs, using EN 15804-compliant whole-life carbon tools [25]. The case
study reflects a contemporary modular dwelling typology aligned with current UK social
housing priorities, where affordability, scalability, and long-term performance are central
objectives [3,26].

The methodological contributions of this study are threefold:

e A full cradle-to-grave life cycle assessment of a UK modular LGSF dwelling using
real manufacturer and project data, overcoming the proxy-dominated limitations of
previous studies.

e A structured sensitivity analysis, testing alternative low-carbon materials and steel
optimisation strategies to identify practical pathways for reducing upfront carbon in
modular housing.

e  Ahybrid operational carbon methodology, combining a SAP-verified dataset [27] with
an IES VE dynamic simulation [28] to evaluate performance and uncertainty.

These contributions provide both empirical evidence and design-relevant insights for
developers, engineers, and policymakers seeking to scale low-carbon modular housing in
line with national climate targets [26,29]. Following this introduction, Section 2 describes
the case study and LCA approach; Section 3 presents the life cycle results; Section 4
discusses findings and sensitivity analysis; and Section 5 concludes with implications
for practice.
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2. Materials and Methods

This study conducts an environmental assessment of a LGSF modular house, using
a cradle-to-grave LCA methodology. The LCA process is based on the ISO 14040 and
ISO 14044 standards [30], incorporating the calculation rules of BSI [31] and RICS [14]. The
overall workflow (Figure 1) comprises three phases:

e  Case definition and data collection, which involved developing the material inventory
and compiling geometric and material attributes based on site inspections, Revit
models Autodesk Revit (Version2025.3.0, Autodesk Inc., San Rafael, CA, USA) [32]
and architectural drawings.

e Life cycle modelling and analysis, which quantified embodied impacts for stages
A1-A5 using One Click LCA software (Version 4.0.9; One Click LCA Ltd., Helsinki,
Finland) [33], a widely used platform for calculating and reporting the embodied and
whole-life carbon impacts of buildings and construction products.

e Sensitivity analysis, which examined the effects of design alternatives—including
bio-based insulation, low-carbon concrete, foundation design, and an optimised steel
frame—on total emissions. Operational energy use (stage B6) was modelled in the
IES Virtual Environment (Version 2025.1.0.0, IES VE; Integrated Environmental Solu-
tions Ltd., Glasgow, UK) [28], a software platform used to simulate building energy
performance and operational carbon emissions.

Case Study
Definition: The  ~ —>  Data Collection = —> Life Cycle Inventory
Brooklands Building

\2
One Click LCA . e .
. 5 Full Life Cycle 5 Sensitivity Analysis
Embodied carbon + Estimation +IES Modeling

Operational carbon

\2

Conclusions

Figure 1. Flowchart of applied methodology, illustrating the applied methodology, from primary
project data and material inventory development to life cycle modelling in One Click LCA and
targeted sensitivity analyses.

2.1. Goal and Scope Definition

The goal of this study is to quantify the cradle-to-grave whole-life carbon emissions of
a UK modular LGSF dwelling and to identify dominant life cycle contributors and feasible
carbon reduction strategies. The intended audience includes designers, modular housing
manufacturers, developers, policymakers, and researchers concerned with low-carbon
residential construction.

The functional unit is defined as 1 m? of gross internal area (GIA) of the dwelling,
assessed over a 50-year reference study period, to which all life cycle inputs and outputs
—including material quantities, transport emissions, construction activities, operational
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Construction Process Stage

Product Stage

Use Stage

energy and water use, and end-of-life processes—are normalised. Although RICS [14]
recommends a 60-year lifespan, a 50-year period was adopted to align with UK housing
warranty conventions and to ensure consistency with previous modular housing LCA
studies [34-37].

The system boundary is cradle-to-grave and includes life cycle modules A1-A5 (prod-
uct and construction), B1-B7 (use stage, including operational energy and water), C1-C4
(end-of-life), and D (benefits and loads beyond the system boundary). Elements such as fur-
niture, plumbing fixtures, lighting, and external works (e.g., fencing, paving, parking) were
excluded due to limited data availability and their marginal influence on structural system
comparison. Figure 2 defines the life cycle boundary applied in the assessment and clarifies
which stages contribute to the reported cradle-to-grave results, ensuring transparency and
reproducibility of the system boundary used.

Building life cycle stage

A1: Raw material supply

A2: Transport

A1-A3

A3: Manufacturing

Cradle-to-gate

A1-AS

AA4: Transport
AS: Construction - Installation process

Cradle-to-site:

B1: Use

B2: Maintenance

B3: Repair

B4: Replacement

B5: Refurbishment

B6: Operational energy use
B7: Operational water use

Cradle-to-grave:
Al1-C4

C1: De-construction/demolition

End of life Stage C2: Transport

C3: Waste processing

C4: Disposal

Supplementary information D: Benefits and loads beyond the system boundary

Figure 2. Life cycle assessment (LCA) stages, in accordance with EN 15978, illustrating the cradle-to-
grave framework including Product and Construction (A1-A5), Use (B1-B7), End-of-Life (C1-C4),
and Module D [31].

2.1.1. Case Study

As noted by Narula and Finnegan (2025) [3], the use of the light-gauge steel frame
is increasing in the UK and has the potential to meet or exceed UK national energy use
ratings. Building on this context, the selected case study focuses on a modular LGSF
housing development by Starship Group, located at the Brooklands site in Wirral Waters,
UK [38,39]. This case study was selected because it represents a typical UK modular LGSF
dwelling delivered within current social housing programmes, using standardised prefab-
rication, UK-compliant fabric performance, and commercially available building systems.
The project comprises three zero-energy terraced houses, and one house was selected
to identify the environmental impacts of a single contemporary house (Figure 3). The

https:/ /doi.org/10.3390/ civileng7010018


https://doi.org/10.3390/civileng7010018

CivilEng 2026, 7, 18 50f 29

dwelling is a three-storey terraced house with a gross floor area (GFA) of 99 m?, containing
three bedrooms, a living area, kitchen, two bathrooms and two staircases, representing
a typical contemporary family home. Architectural geometry and spatial layouts were
produced in Autodesk Revit by Starship Group (Figures 4 and 5). Table 1 summarises
the main parameters and demonstrates that the Brooklands dwelling is representative of
contemporary UK social housing delivered through modular LGSF construction.

Figure 3. Brooklands Building, Wirral Waters, UK. The red boxes highlight the selected dwelling
analysed in this study. Photo: Deelaram Nangir.
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Figure 4. Floor plan sketches—Brooklands Building, Wirral Waters, UK [39].

Table 1. Brooklands Building—main parameters.

Parameters Brooklands Building Case Study
Location/Climate The United Kingdom/Temperate Maritime
Building/Usage type Residential, new built
Gross floor area (GFA) 99 m?
Internal floor area 76.6 m?
Heating and cooling system ASHP Vaillant aroTHERM Plus 3.5 kW
Photovoltaic (PV) system 4.62 kWp Monocrystalline photovoltaic system
Mechanical ventilation heat recovery (MVHR) 91% efficiency
Number of floors 3
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Figure 5. Revit model and drawings—Brooklands Building, Wirral Waters, UK [39].

The structural system uses prefabricated light-gauge steel frame panels’ assembly,
enabling rapid on-site installation. The structural frame consists of lightweight, channel-
section profiles made from galvanized cold-formed steel, which are engineered for high
strength-to-weight ratios [38]. Due to site-specific ground conditions, the building is sup-
ported on piled foundations with a suspended ground slab and perimeter ground beams.
Walls are anchored to the slab via a proprietary Hilti M16 system, ensuring structural
stability under site-specific ground conditions.

The wall panels included eight layers with a total thickness of 365 mm, with an LGSF
core, inner gypsum board finish, dual insulation layers (PIR and Rockwool) [40], and a
12.5 mm sheathing board [41,42], with a 20 mm Vandersanden brick-slip cladding exter-
nally [43,44]. The specific Brick system applied by Starship Group in this type of residential
house is named Pirrouet® CO,-negative facing bricks (Vandersanden, Cambridgeshire,
UK) [44,45], which are able to absorb as much as 60 kg CO; per tonne of material during
the production process. Internal partitions consist of steel studs with optional mineral
wool infill and plasterboard on both sides. Openings feature low-emissivity, argon-filled
triple-glazed uPVC windows. The dwelling is fully electric, with no gas connection. Space
heating and hot water are provided by a 3.5 kW Vaillant aroTHERM Plus ASHP (SCOP
3.65) [46] and a 150 L Unistor cylinder [47]. Ventilation combines natural openings with
an MVHR unit achieving 91% heat recovery efficiency. Renewable energy is supplied
by nine monocrystalline photovoltaic modules (1134 x 1950 x 30 mm each) mounted
on the roof [48]. Figure 6 shows key construction elements, including wall panels, roof
insulation, partitions, windows and modular stair components, all of which are included in
the material inventory presented in Table 2.
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Internal Partitions Windows N Skylight Window
Figure 6. Photographs of selected materials used in this study, sourced from various suppliers. Photo:
Deelaram Nangir.

2.1.2. Software and Modelling Approach

For the performance of life cycle assessment, One Click LCA software [33] which is an
online platform that utilises a variety of databases, including third-party-checked EPDs,
as outlined in EN 15804 [25] and ISO 14040/44 [30], was used. The software calculates
environmental impacts by combining material quantities with database records and outputs
indicators [49,50]. It includes four main categories of environmental data: manufacturer-
specific EPDs, generic regional data, plant-specific data, and private databases.

Material selection and quantities were informed through a combination of architec-
tural drawings, project reports, Revit model outputs [32], site visit observations, and
personal consultation with the Starship Group technical team. In this study, a structured
hierarchy was adopted for EPD selection to ensure representativeness and traceability:
(i) manufacturer-specific EPDs were prioritised when available, (ii) if unavailable, function-
ally similar products from other manufacturers were selected, (iii) otherwise, UK generic
EPDs were applied, and (iv) in the absence of UK data, regional European datasets (e.g.,
Netherlands, Belgium, France) were used.

2.2. Life Cycle Inventory (LCI)
2.2.1. Product Stage (A1-A3)

The product stage covers all cradle-to-gate process emissions for building elements
and materials used in the construction of the Brooklands case study. All the 33 required
materials for the case study elements were determined and populated in the One Click
LCA model in this project. All collated data are reported in Table 2, where the building
components are divided into broad categories, and each element includes their dimensions,
quantities, embodied carbon factors, and data sources. Table 2 presents the full material
inventory used in the life cycle assessment, derived from Revit model quantities, project
documentation, and site verification. These quantities form the direct input to the One
Click LCA model and underpin all subsequent embodied carbon calculations reported
in Section 3.
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Table 2. Material inventory—Brooklands case study.

Embodied Carbon

Element Components/Materials One Click LCA Quantity Unit Factor (kgCOpe/Unit) * Transport (km) Source
Ground beams Ready-mix concrete, C32/40 7.50 m3 212.0 60 Project documentation **
Ground slab Ready-mix concrete, C32/40 6.60 m3 212.0 60 Project documentation
Foundation Piles Ready-mix concrete, C32/40 1.52 m3 290.0 60 Project documentation
Reinforced concrete Reinforcement steel cut and 2732.85 kg 0.7 110 Project documentation
bent rebar
Vertical Structure
Vande.rsanden brick Perforated dense facing bricks 98.32 m? 0.31 60 Project documentation and
slip system manufacturer datasheet
Cement particle board Cement-bonded particle board 98.32 m? 1399.75 60 Project documentation
PIR insulation PIR rigid insulation boards 98.32 m? 184 80 Project documentation and
manufacturer datasheet
. 5 Project documentation and
Glassroc X sheathing board Gypsum plasterboard 98.32 m 2.04 60
manufacturer datasheet
. . . 2 Project documentation and
Rockwool Flexi Slab Stone wool insulation panels 98.32 m 3.0 60
manufacturer datasheet
Gyproc Fireline Board and ) Project documentation and
External Walls 3 mm skim Gypsum plasterboard 98.32 m 1.56 60 site visit
Exoperm 250 self-adhesive Vapor barrier membrane 98.32 m? 1.07 80 Project documentation
breather membrane
VCL membrane behind 4-layer vapour-permeable 0415 m3 101 80 Project documentation
wallboard underlay
Treated timber batten Green treated timber 12.75 kg 35.0 130 Project documentation
(50 x 25 mm)
L Aluminium profiles for . .
Base Track-Aluminium 14.5 kg 9.59 Project documentation
subframe system
Fire Barrier_04 x 30 mm Fire-resistant ventilated 1.32 110 Project documentation

cavity barrier
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Table 2. Cont.

Embodied Carbon

Element Components/Materials One Click LCA Quantity Unit Factor (kgCOpe/Unit) * Transport (km) Source
. . Light-gauge steel track and
Load-Bearing Light-gauge steel frame stud framing from hot-dipped 4744.76 kg 2.98 110 Project documentation
Structure (column, beam, slab) .
galvanized cold-formed steel
Steel studs (TPS70) Wall systems with mineral 70 x 2400 mm Site visit (assumption)
Internal Partitions Mineral wool insulation ~ wool, steel studs and gypsum 100 mm 9.35 60 Site visit (assumption)
lasterboard
Gyproc plasterboard plasterboards 2 x 125 mm Site visit (assumption)
Horizontal Structures
Floor screed Floor screed mortar, 76.6 w2 016 60 Project documentation and
cement screed manufacturer datasheet
Rockwool insulation Stone wool insulation 76.6 m? 13.0 60 Project documentation and
manufacturer datasheet
. . . . Chipboard, untreated, 2 Project documentation and
F]oonng and Celhng Chlpboard ﬂOOI‘ll’lg biogenic co, 76.6 m 69.08 130 site visit
Carpet Carpet tile - - 9.73 130 Project documentation
Damp insulation Damp insulation PA 76.6 m? 0.71 80 Project documentation
Gypsum plf:lsterboard Gypsum plasterboard 76.6 m2 156 60 Project doc'umén'tatlon and
(Celling) site visit
Concrete roof tiles Concrete roof tiles 51.16 m? 9.03 60 Project documentation
Trisomet core insulation Tr1som§t (.sandw1.ch panel 51.16 m? 32.6 80 Project documentation
with insulation)
Rockwool RWA45 Stone wool insulation - - 13.0 60 Project documentation and
manufacturer datasheet
Roof VCL 1000 gauge 4-layer vapour-permeable 9.04 m 1.01 80 Project documentation
underlay
Gyproc FireLine board Gypsum plasterboard 51.16 m? 1.56 60 Project documentation
Plaster skim Interior finishing plaster 51.16 m? 0.15 60 Project documentation
Softwood battens Traditional roof trusses 9.825 m3 56.3 130 Project documentation

from softwood
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Table 2. Cont.

Embodied Carbon

Element Components/Materials One Click LCA Quantity Unit Factor (kgCOpe/Unit) * Transport (km) Source
Ridge tile Roofing tile frof“ clay 4.52 m 1.67 60 Project documentation
(terracotta), ridge
Roof
. g1 Project documentation and
Gutters PVC rain gutters for buildings 9.04 m 38.7 110 o
site visit
Others
S Steel modular staircase Steel modular staircase 13 m 115.0 110 Site visit (assumption)
tairs
Wooden staircase Wooden staircase 2 Units 139.0 130 Site visit (assumption)
Airtight Sealant Airtight sealant Joint sealants 11.62 Tubes 15.3 130 Project documentation
Doors and Windows
Trlple—glaz.ed PVe Trlple—glaz.ed PVe 9.24 m? 139.0 130 Project documentation
frame window frame window
‘Modular skyl.lght Skylight HFC 080220 0016 5.62 m? 227.66 130 Project documentation
triple-glazed window (Velux)
Internal doors (11 units) Internal wooden 7.84 m? 21.5 130 Project documentation
External composite steel Composite steel 1 Unit 163.0 130 Site visit

entrance doors

entrance doors

* EPDs used within One Click LCA correspond to embodied carbon impacts at the product stage (A1-A3), based on publicly available manufacturer EPDs or equivalent verified generic
datasets where manufacturer-specific data are unavailable. ** “Project Documentation” refers to confidential, proprietary data provided by Starship company and includes, but is not
limited to, architectural drawings, technical specifications, and Revit model outputs.
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2.2.2. Transportation Stage (A4)

Transport emissions for construction materials were calculated in One Click LCA
using the UK-RICS transport scenario. This UK-specific dataset estimates transport impacts
based on typical average haul distances and transport modes for different material types,
rather than project-specific straight-line distances. The scenario applies a representative
mix of transport modes, including road freight (diesel lorries), rail, and sea transport for
imported materials, providing a realistic and standardised approach for UK-based life cycle
assessments [33].

2.2.3. Construction Stage (A5)

Construction emissions were limited to excavation and modelled using UK generic
datasets. Emissions from small tools and site electricity were excluded, according to
EN 15978 recommendations [31].

2.2.4. Use Stage Inventory (B1-B7)

Emissions during use (B1), maintenance (B2), repair (B3), refurbishment (B4), and
replacement (B5) are included by the One Click LCA tool, based on each product’s service
life. The same distance and mode assumptions that were applied in transportation stage A4
were also applied for refurbishment (B4) and replacement (B5). When the precise service
life was unknown, the “Technical Service Life” option was used, which is recommended by
the software [33]. For example, windows were assumed to be replaced every 30 years, and
floor finishes every 15 years [14].

Operational Energy—Inventory (B6)

Operational energy demand was estimated using a hybrid methodological approach,
combining a SAP-verified proxy dataset, and a dynamic IES VE simulation used for sensi-
tivity analysis, only.

Although the building had been constructed, it was unoccupied at the time of as-
sessment and had not yet entered operational use. Consequently, no monitored energy
data, utility bills, or post-occupancy performance information was available for the LCA.
In this context, SAP 10.2 was adopted as the primary source of operational energy data,
as it provides the only fully standardised, regulator-aligned, and reproducible method
for estimating energy use in UK dwellings. The SAP-verified electricity demand dataset
from the Building Research Establishment [27] was imported into One Click LCA [33] and
used as the basis for operational energy inputs. While SAP is the official UK compliance
method and enables transparent comparison with other UK housing LCAs, the reliance on
modelled values is recognised as a limitation, since actual in-use consumption may vary
due to occupant behaviour and system performance. This uncertainty is therefore explicitly
examined through sensitivity analysis.

To explore potential variability, a dynamic thermal model was developed in the Inte-
grated Environmental Solutions Virtual Environment (IES VE) [28]. The model represented
the as-built geometry, fabric performance, HVAC configuration, airtightness assumptions,
occupancy schedules, and photovoltaic generation under typical meteorological condi-
tions for Liverpool. The dwelling was modelled as fully electric, with space heating and
domestic hot water provided by a 3.5 kW air-source heat pump (SCOP 3.65) [46] and a
150 L hot water cylinder [47], supplemented by a 4.62 kWp rooftop photovoltaic system [48].
As post-occupancy monitoring data were not available, the IES VE model could not be
calibrated and was therefore not used to generate primary LCA inputs. Instead, it was em-
ployed solely to assess uncertainty and potential variation in operational performance, as
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https://doi.org/10.3390/civileng7010018

CivilEng 2026, 7, 18

12 of 29

discussed in Section 4.3. Key IES modelling parameters and assumptions are summarised
in Table 3 to ensure transparency and reproducibility.

Table 3. Key IES VE model parameters and assumptions.

Parameter Value/Description Source
Conditioned area 99.0 m? (3 storeys) IES VE export (Energy Model Output Report)
Climate file GBR_ENG_Liverpool (TMY) IES project file
External wall U-value 0.13 W-m~2.K! Manufacturer data/project specifications
Roof U-value 0.13W-m—2.K! Manufacturer data/project specifications
Ground floor U-value 0.15W-m 2K ! Project documentation
Glazing U/g-value 1.5 W-m~2.K~1/0.52 Triple-glazed uPVC frames (EPD)
Airtightness (nsp) 2.7h~! (at 50 Pa) Project documentation
Ventilation MVHR with 85% heat recovery Manufacturer datasheet
Heating system All-electric ASHP; seasonal COP = 3.6 ASHP datasheet
PV system 4.0 kWp rooftop array; inverter eff. ~ 96% Starship design report
Internal gains 3.5 W-m~2 (sensible) /1.2 W-m 2 (latent) CIBSE TM59 (2017)
Occupancy profile 5-person residential; 07:00-23:00 occupied IES VE templates
Simulation timestep 1 h; annual (8760 h) IES default

Operational Water Use—Inventory (B7)

Operational water use followed Part G of the UK Building Regulations, assuming
150 L/person/day for a five-person household over 50 years. Emissions for tap water and
wastewater treatment used One Click LCA’s UK generic datasets.

2.2.5. End-of-Life Stage (C1-C4)

The end-of-life stage includes deconstruction/demolition (C1), transport to waste-
treatment facilities (C2), processing for recycling or recovery (C3), and final disposal of
non-recoverable materials (C4). Deconstruction was modelled as mechanical disassembly
using standard UK industry default assumptions [25], with waste transport distances
of 60-130 km depending on the material stream. For end-of-life modelling, the “Ma-
terial locked (recommended)” option was selected in One Click LCA to ensure consis-
tency with EN 15804 and EN 15978 guidance [25,51]. This approach applies standard-
ised, sector-average assumptions for deconstruction, transport, processing, and disposal,
recognising the inherent uncertainty of future demolition pathways and avoiding spec-
ulative optimisation of end-of-life scenarios, as recommended in the LCA methodology
literature [18,52].

Recycling and recovery rates were derived from verified Environmental Product
Declarations (EPDs) and standard industry-average end-of-life scenarios, as no project-
specific manufacturer take-back schemes were available. These include >95% recycling for
steel, energy recovery for PIR insulation, and partial aggregate reuse for concrete, reflecting
current European and UK waste management practices [22,23,35,49]. It is acknowledged
that, in the absence of national take-back schemes or contractual commitments, actual
future recycling performance may differ from these assumed values.

A summary of end-of-life and recycling assumptions is provided in Table 4. As Module
D results are known to be highly sensitive to these assumptions [18,26,52], they are reported
separately and interpreted as indicative rather than definitive, while primary conclusions
are based on cradle-to-grave impacts (Modules A-C).
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Table 4. End-of-life and recycling assumptions for major materials.

. Recycling/ EoL Transport Credit Allocation Reference (Source
Material Reuse Rate (%) (km) Treatment/Fate Method EPD/Data Source)
. . EPD KHS&S West
Light-Gauge Steel Recycling Avoided Burden Steel Track & Stud
Track and >95 100 (Secondary L
. (Substitution) (Manufacturer-
Stud Framing Metal Feedstock) o
specific EPD)
. Recycling . EPD Reinforcing
Rsile“;lo(rg;g;r)‘t >95 100 (Secondary A(stigsegtggéi‘;“ steel TOM2 (ITB
Metal Feedstock) EPD Programme)
.\ Energy Recovery Avoided Burden FDES (Douglas Fir
Tﬁzjelstl(o;ffltiggg) 100 50 (Biomass (Avoided Grid  Softwood, EN 15804
Incineration) Electricity /Heat) compliant dataset)
. EPD Ready-Mix
Ready-mix 50 (Aggregate Crushing/Grading AVOlded. Bu.rden Concrete C32/40
50 . (Substitution .
Concrete Reuse) (Down-cycling) f Aggregate) (UK/Heidelberg
ot Agsregate Materials EPD)
PIR Rigid 100 (Assumed for Energy Recovery Avoided Burden FDES/EPD PIR
Insulation Boards Energy Recovery) >0 (Incineration) (Thermal Insulation (KNAUF/
Energy Credit) Celotex EPD)

3. Life Cycle Impact Assessment (LCIA)
3.1. LCA Results per Life Cycle Stage

This section presents the life cycle carbon results for the Brooklands modular house,
classified by standard LCA stages in accordance with EN 15978 [31] and the RICS Whole-
life Carbon methodology [14]. The results for each life cycle stage are shown in Figure 7.
The figure illustrates the relative contribution of each stage to total whole-life carbon, en-
abling rapid identification of the dominant emission sources and highlighting the balance
between embodied and operational impacts. The total whole-life carbon footprint of the
Brooklands unit amounts to 91.3 tCOye over a 50-year reference study period, equivalent to
18.4 kgCOye/m? /year or 922 kgCO,e/m? of gross internal floor area. When considering
stages A1-A5, the normalised embodied carbon intensity is equal to 366 kgCO,e/ m?2, whilst
the total A1-A3 embodied carbon of the Brooklands development is 34.82 tCO,e, equiva-
lent to 351.68 kgCOse/m? GIA. The largest contributors are the product stage (A1-A3) at
34.8 tCOqe (38.1%) and operational energy (B6) at 35.3 tCOse (38.7%). Together, these
account for more than three-quarters of the total impact, underscoring that both upfront
material choices and operational efficiency are equally critical in modular housing decar-
bonization [53]. Operational water use (B7) adds 8.6 tCOye (9.4%), highlighting the signifi-
cance of water-related impacts, which are often underreported or inconsistently assessed in
building LCAs [54]. This value is based on regulated domestic water consumption derived
from SAP 10.2 calculations, incorporating assumed occupancy rates and standard UK emis-
sion factors for water supply and wastewater treatment. Although frequently considered
secondary to operational energy (B6), the results demonstrate that water-related emis-
sions are not negligible over a 50-year reference study period, consistent with recent LCA
evidence [55].
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Global warming kg CO2e - Life-cycle stages

A1-A3 Materials - 38.1% A4 Transport - 0.4%
@ A5 Construction - 1.1% @ B4-B5 Replacement - 9.6% Life Cycle Stages (kgCO2e)
B6 Energy - 38.7% @ B7 Water - 9.4% ]
C2 Waste transport - 0.7% @ C3 Waste processing - 1.9% Materials (A1-A3) 34,816.37
@ C4 Waste disposal - 0.0%
Transport (A4) 402.97
Construction process (A5) 1024.32
Replacement (B4-B5) 8755.54
Operational energy (B6) 35,326.87
Operational water (B7) 8591.06
Waste transport (C2) 611.28
Waste processing (C3) 1729.41
Waste disposal (C4) 6.38
Total 91,300

Figure 7. Life cycle carbon emissions for the Brooklands modular house, broken down by standard
LCA modules [51].

In contrast, transport (A4) (0.402 tCO,e) and construction processes (A5) (1.02 tCO5e)
together contribute less than 2% of the total. Transport emissions reflect the local /regional
sourcing of materials, which is typical of modular construction projects and helps reduce
upstream carbon impacts [35]. A5 also represents a small share, which shows the efficiency
benefits of modular assembly compared with traditional construction [56]. Similarly, end-of-
life (C1-C4) emissions are relatively minor at 2.3 tCOye (2.6%), partly due to the potential
recyclability of steel components [53], reflecting the inherently dismantlable nature of
modular construction, which allows major elements to be selectively removed rather than
destructively demolished [52].

Beyond global warming, the LCA also considered additional impact categories in
accordance with EN 15978 [31] and ISO 14040/44 [30]. Table 5 presents these indicators,
including ozone depletion, acidification, eutrophication, formation of ozone of lower
atmosphere (POCP), abiotic depletion potential (ADP) for non-fossil resources, and abiotic
depletion potential (ADP) for fossil resources [57]. The results reveal notable non-carbon
pressures. In particular, fossil resource depletion is high at 670,000 MJ, reflecting the reliance
on energy-intensive steel and concrete. Acidification potential reaches 263 kg SO,e, largely
attributable to upstream electricity and cement processes. Eutrophication impacts (231 kg
POge) highlight risks to water quality, while ozone depletion, though small in absolute
terms (0.024 kg CFC-11e), remains environmentally significant.

Table 5. Environmental impact assessment results—Brooklands modular house (50-year study).

ADP for ADP for

Result Glob.al Ozon.e Acidification Eutrophication POCP Non-Fossil Fossil
Category Warming Depletion R
esources Resources
kg COze kg CFCl1e kg SOye kg POge kg Ethenee M] kg Sbe
Al1-A3 34,800 0.0067 155 47.500 12.800 10.200 421,000
A4 403 0.0001 0.940 0.199 0.050 0.810 7020
A5 1020 0.0003 3.880 0.891 0.293 0.243 12,300
B4-B5 8760 0.0165 32.700 6.250 2.470 6.230 115,000
B6 35,300 0.0000 0.000 0.000 0.000 0.000 0
B7 8590 0.0007 65.700 175 2.530 0.036 93,100
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Table 5. Cont.

ADP for ADP for

Acidification Eutrophication POCP Non-Fossil Fossil
Resources Resources

Result Global Ozone
Category Warming Depletion

C1-C4 2350 0.0002 4.720 1.040 0.137 4.440 21,500
D —18,800 —0.0011 —61.500 —9.270 —8.370 —0.348 —244,000
Total 91,300 0.0245 263 231 18.200 22.000 670,000
Per gross
internal floor 18.44 0.0000 0.05 0.05 0.00 0.00 135
area m? /year
Per gross
internal floor 922.22 0.0002 2.66 2.33 0.18 0.22 6770
area m?

3.2. Embodied Carbon: Stages A1-A3

The total A1-A3 embodied carbon for the Brooklands unit is 34.82 tCO,e, equivalent
to 351.68 kgCOye/m? GIA, which is already well below the RIBA 2025 (800 kgCO,e/m?)
and 2030 (625 kgCOse/m?) limits [58], and close to the LETI 2030 best-practice target
of 300 kgCO,e/ m? [59]. Figure 8 shows the relative contribution of each element to
the total embodied carbon for the A1-A3 stages. At the element level, the steel frame
contributes 32%, highlighting the structural system as the largest hotspot. This reflects the
high energy intensity of steel production, consistent with previous findings in modular
housing LCAs [60-62]. Structural steel was modelled as hot-dipped galvanised cold-formed
light-gauge steel using manufacturer-specific or equivalent EN 15804-compliant EPDs [25],
consistent with UK LGSF modular construction practice. Other significant shares include
external walls (15.32%), internal floors/ ceilings (13.78%), and foundations (12.14%), while
partitions and airtight seals make negligible contributions.

Embodied Carbon Contribution by Building Element — Product Stage (A1-A3)
32.05%

16,000
14,000
12,000
10,000

8,000 15.32%

13.78% .
12.14% 12.54%

kgCO,e

6,000
9.17%

4,000

3.82%
2,000

Figure 8. Whole-building embodied carbon at the product stage (A1-A3), disaggregated by
building element for the baseline dwelling and expressed as total impacts (kgCO,e) with percen-

tage contributions.
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Figure 8 shows that embodied carbon is heavily concentrated in primary structural
and envelope components. Beams and slabs also carry a large share, primarily due to ready-
mix concrete. To further dissect these impacts and identify specific material-level hotspots
within the product stage (A1-A3), Figure 9 shows the embodied carbon per material.
The material breakdown confirms that light-gauge steel alone contributes 40.60% of total
A1-A3 impacts. Other significant contributors are concrete slabs and ground beams (8.60%),

PIR rigid insulation boards (5.30%), and glazing units (7-8%).

Global Warming Potential by Material — Product Stage (A1-A3)

tCO,e
0 2 4 6 8 10 12 14 16
Light gauge steel 40.60%
Ready-mix concrete, C32/40 8.60%
PIR rigid insulation boards 5.30%
Cement bonded particle board 4.90%
Steel sandwich panel with PIR insulation 4.80%
Reinforcement steel (rebar) 4.30%
Steel modular staircase 4.10%
Modular skylight window 3.70%
Tripple-glazed PVC frame 3.70%
Stone wool insulation 3.10%
Carpet tiles 2.10%
Roof trusses from softwood 1.80%
Brick 1.50%
Concrete roof tiles 1.30%
Ready-mix concrete with Cemenet (piles) 1.20%
Gyproc Fireline 1.00%
PVC rian gutters 1.00%
Screed 1.00%
Gypsum Plasterboard 0.90%
Stone wool insulation 0.80%
Wooden starircase 0.80%
Internal wooden door 0.50%
Steel external door 0.50%
Chipboard 0.50%
VCL membrane 0.40%

Figure 9. Whole-building global warming potential at the product stage (A1-A3), disaggregated by
individual material categories and expressed as total impacts (tCO,e) and percentage shares over the

50-year reference study period.

To improve comparability with other studies, the three dominant material contributors
at the product stage (A1-A3), from Figure 9, were further normalised using the functional
unit. Based on a gross internal floor area of 99 m? and a 50-year reference study period,

https:/ /doi.org/10.3390/ civileng7010018


https://doi.org/10.3390/civileng7010018

CivilEng 2026, 7, 18

17 of 29

light-gauge steel contributes approximately 141.4 kgCO,e/m? (2.83 kgCO,e/m?/year),
ready-mix concrete (C32/40) contributes 30.3 kgCOe/ m? (0.61 kgCOse/ m?2/ year), and
PIR rigid insulation boards contribute 19.2 kgCOye/m? (0.38 kgCO,e/m? /year). Given
their dominant contribution to A1-A3 impacts, these materials were selected as baseline
components for the sensitivity analysis presented in Section 4.2.

External walls account for the second-highest share of total embodied carbon. The
contribution of each external wall component to the total embodied carbon at the A1-A3
stage is presented in Figure 10. This wall panel comprises ten layers, of which the PIR
rigid insulation boards account for 39.06% (2.8 tCOse) of the panel’s embodied carbon
(2.8 tCOqe) (Figure 10). This is due to the high Global Warming Potential (GWP) of
rigid petroleum-based foam insulation, which, while offering excellent thermal perfor-
mance, carries a higher manufacturing footprint. The cement-bonded particle board
is the next largest component at 23.71% (1.7 tCOse), followed by Glassroc® sheathing
boards at 9.49%.

Contribution of External Wall Components to Embodied Carbon (Product Stage, A1-A3)

3000
39.06%
2500
2000
23.71%
[}
S 1500
2
1000
8.3 9.49%
5.30%
500 4.46% °391%  3.63%
1.67%
0.25% 0.29%
0
% > ¥ W ¢ 3 ¥ 2 2 >
“00& ~oo > %’QOC Oo Q}x‘\ bql&\(b “0’87'0 v ‘&o Og&e ' é<§
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Figure 10. Embodied carbon associated with external wall construction at the product stage (A1-A3),
disaggregated by individual components and expressed as total impacts (kgCO,e) and relative
contributions for the baseline design.

3.3. Operational Carbon: Stage B6—B7

Operational carbon over the 50-year study period totals 43,917.9 kg COye, representing
48.1% of the whole-life carbon footprint. This consists of the following:

o 35,326.87 kg COxe (38.7%) from household electricity consumption (B6);
o 8591.06 kg COqe (9.4%) from operational water use (B7).
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These values are based exclusively on the SAP 10.2 proxy dataset, ensuring alignment
with UK regulatory practice and maintaining reproducibility [27]. SAP 10.2 provides
a standardised, regulator-aligned, and reproducible method for estimating operational
energy use in UK dwellings, avoiding the uncertainty of uncalibrated simulations. To
complement this baseline assessment, the IES VE model was used to explore uncertainty
and performance variability, with the results presented separately in Section 4.3.

3.4. Module D: Beyond the System Boundary

Module D, which quantifies benefits and loads beyond the system boundary, pro-
vides an essential perspective on the building’s role within a circular economic framework.
This stage evaluates the potential environmental credits (or burdens) arising from reuse,
recycling, and energy recovery that occur beyond the declared life cycle boundary (C4),
thus displacing the need for virgin material production in future systems. For the Brook-
lands modular case study, Module D yields a net GWP credit of —6.89 tCOye. The largest
contributor to this credit is the recovery of high-impact structural components, primar-
ily light-gauge steel framing (—5.88 tCO,e), which account for over 85% of the Module
D benefit. The credit of —6.89 t CO,e offsets approximately 29% of the total cradle-to-
grave embodied carbon (A1-C4 = 23.47 tCOye), exceeding the combined burdens from the
C-stage processes. This outcome highlights how modular construction can facilitate mate-
rial recirculation and measurable carbon recovery within the built environment, consistent
with prior findings by [56].

4. Interpretation
4.1. Discussion and Benchmarking

The whole-life carbon results of the Brooklands modular dwelling highlight the dual
significance of both upfront embodied impacts and long-term operational performance in
the carbon profile of contemporary UK housing. The product stage (A1-A3) accounted
for the largest share of emissions, driven primarily by steel-intensive elements, such as
the light-gauge steel frame and foundation components. These findings align with re-
cent research showing that structural systems often dominate early life cycle impacts in
buildings [49,63]. When operational performance is considered over the building’s service
life, operational carbon is estimated to represent approximately 48.1% of total life cycle
emissions, reflecting the influence of the high-efficiency building envelope, triple-glazed
openings, air-source heat pump, and on-site solar generation. This combined assessment
supports emerging evidence that low-energy modular homes can substantially reduce life-
time environmental impacts, when fabric and energy systems are designed in an integrated
manner [59,64].

Benchmarking whole-life carbon performance across residential buildings is inherently
challenging due to differences in functional units, system boundaries, reference study
periods, material specifications, and operational modelling assumptions. As a result,
comparisons between published studies are most appropriate for assessing the plausibility
and order of magnitude rather than strict numerical equivalence.

A normalised comparison of upfront embodied carbon intensity (A1-Ab5), expressed
per unit floor area, can be drawn between the Brooklands case study and a recent CLT multi-
storey building reported by Dodoo et al. [16]. The CLT study reports an embodied carbon
intensity of approximately 300 kg CO,e/m?, while the Brooklands modular dwelling
exhibits a value of 366 kg CO,e/m? based on the sum of A1-A5 impacts divided by its
gross floor area of 99 m2. Keyhani et al. [65] have shown substantial variability in embodied
carbon results depending on database selection and end-of-life assumptions, with product-
stage values exceeding 500 kg CO,e/m? in some UK residential scenarios [65]. Within
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this broader context, the Brooklands results fall within the range reported for best-practice
low-carbon residential construction.

Additional contextual benchmarking with UK and international LCAs of steel- and
hybrid-framed dwellings shows typical upfront embodied carbon intensities of approxi-
mately 350-550 kg COe/ m? for A1-A5 [26,34,35,63], placing the Brooklands case study
toward the lower end of reported values for steel-based systems. This reflects the benefits
of off-site fabrication and reduced construction waste.

The reported whole-life carbon intensity of the CLT case study [16] is 465 kg COzeq/m?,
accounting for stages A1-A5, B1-B2, B4, and C1-C4. The Brooklands case study yields
a similar order of magnitude at 469 kg CO,eq/m?; however, this value is derived from
a different combination of life cycle stages (A1-A4, B4-B5, and C1-C4). Hence, these
figures are derived from different combinations of life cycle stages and should therefore
be interpreted as indicative rather than directly comparable. Taken together, the bench-
marking indicates that the Brooklands modular LGSF dwelling performs within the upper
tier of reported UK residential case studies and achieves whole-life carbon outcomes com-
parable to leading low-carbon timber and hybrid systems. This supports the conclusion
that well-designed modular steel construction can deliver a competitive whole-life car-
bon performance when material efficiency and operational energy demand are addre-
ssed holistically.

To evaluate the robustness of these findings and to optimise the performance, a
sensitivity analysis was undertaken covering both embodied and operational aspects. For
embodied carbon, alternative scenarios were developed for the three material groups with
the highest A1-A3 contributions: foundation concrete (lower-carbon mixes), insulation
(five bio-based options), and structural steel (profile optimisation). These reflect realistic
design variations consistent with EN 15978 [31] and RICS [14] guidance on scenario testing.
Operational carbon sensitivity was assessed using the IES VE dynamic simulation and a
+10% variation around the base annual electricity demand, capturing typical uncertainties
related to modelling assumptions and real-world performance. The following subsections
present the embodied and operational sensitivity scenarios in detail.

4.2. Embodied Carbon: Interpretation and Sensitivity Analysis

This subsection evaluates the sensitivity of the Brooklands embodied carbon results
by modelling three improvement scenarios targeting the main contributors identified
in the baseline assessment: the concrete foundations, thermal insulation, and structural
steel frame. These elements were selected as they offer practical opportunities for re-
ducing upfront carbon through alternative specifications or design optimisation. The
scenarios were implemented using EPDs available in One Click LCA, including some
non-UK datasets, which are acknowledged as a limitation. Tables 6-8 report scenario-based
sensitivity results rather than predictive outcomes, illustrating the relative magnitude of
potential carbon reductions achievable through alternative material specifications and struc-
tural optimisation.

4.2.1. Foundation Concrete

The foundation system is one of the most carbon-intensive building elements due to its
high Ordinary Portland Cement (OPC) content. Three alternative mixes were modelled: a
recycled crushed concrete aggregate (RCCA) mix and two geopolymer concretes (red mud
and cold fusion), and the comparison is shown in Table 6. These substitutes reflect viable
low-carbon options increasingly examined in the literature [66,67]. The RCCA scenario
produced the largest reduction in A1-A3 emissions, lowering foundation impacts from
34,816 kgCOse to 31,457 kgCOze, a 9.65% reduction. The geopolymer options reduced
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emissions by ~8.4-8.7%, also decreasing the foundation’s share of whole-life carbon. These
improvements stem from replacing virgin aggregates and OPC with recycled or industrial
by-product materials, consistent with circular economy principles [68,69]. It should be
noted that the use of geopolymer concrete in this study reflects technical potential rather
than compliance-ready solutions within current UK regulatory frameworks.

Table 6. Comparison of embodied carbon impacts for concrete foundation alternatives.

Embodied Factor A1-A3

Total Whole-Life %A1-A3 % WLC

Scenario (A1-A3) (kgCOse) Carbon (kgCOze) Reduction  Reduction Country
(C32/40 3
Concrete (Base) 212.0 kg COze/m 34,816.37 91,300.00 - - UK
RCCA Concrete  0.0008 kg CO,e/kg ~ 31,457.09 87,500.00 9.65% 4.16% NZ
Red-Mud 0.30 kg COze/kg 31,904.70 87,800.00 8.36% 3.83% USA
Geopolymer
Cold-Fusion 5710 cOse/kg 3179168 87,700.00 8.69% 3.94% USA
Geopolymer
4.2.2. Insulation: Bio-Based Alternative
The baseline insulation, PIR rigid boards, accounts for approximately 5.3% of whole-
life carbon. Five bio-based alternatives were modelled: wood fibre, straw panels, hemp
fibre (two product variants), and expanded corkboard, and the results are shown in
Table 7. Each alternative was adjusted in thickness to maintain the equivalent thermal
resistance and U-value. Wood fibre and the two hemp options achieved the strongest
reductions, lowering A1-A3 emissions by 1.36-1.42 tCO,e (4.0-4.07%). Straw insulation
reduced emissions by ~1.13 tCO;e (3.24%). Corkboard showed higher emissions due to
an EPD that did not account for biogenic storage, suggesting further work is required
to evaluate cork’s full carbon profile [70]. Across the alternatives, total whole-life emis-
sions decreased by 2.1-2.6 tCO,e, demonstrating that switching from petrochemical to
bio-based insulation can significantly lower embodied carbon without altering performance.
This aligns with recent research highlighting the climate benefits of bio-based materials
in housing [35,71].
Table 7. Comparison of embodied carbon impacts for PIR and bio-based insulation alternatives.
Scenari CE"‘D‘b"‘ll:ie‘: A1-A3 Total Whole-Life ~ %A1-A3 % WLC Count
cenario arbon Factor (kgCOze) Carbon (kgCO»e) Reduction Reduction ountry
(A1-A3)
Base (PIR) 18.40 kg COqe/ m? 34,816.37 91,300.00 - - France
ng‘:rgls’re 2.38 kg COze/m? 33,422.22 88,900.00 4.00% 2.63% Germany
Straw panels 8.90 kg COe/m? 33,689.50 89,200.00 3.24% 2.30% Lithuania
KOBE-CZ . . .
hemp fibre 2.18 kg COpe/m? 33,400.91 88,900.00 4.07% 2.63% Czech Republic
®
EKOLUT; ON 2.18 kg COpe/m? 33,455.27 88,900.00 3.91% 2.63% Sweden
hemp fibre
Expanded 3 o o
corkboard (ICB) 87.0 kg COze/m 34,821.23 90,400.00 —0.01% 0.99% Portugal

4.2.3. Steel: Optimised Structural Steel Design

Steel is the largest contributor to the Brooklands embodied carbon footprint, account-
ing for approximately 32.05% of the total whole-life carbon (total steel mass of 4744.76 kg).
The rolling form data shows that the largest share of steel in this modular house comes from
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the profiles used for floors (C250-65-1.6, 1562.2.6 kg) and roofs (C200-65-1.6, 971.74 kg),
with wall framing being also significant (C100-41.3-1.6, 1955.8 kg). This shows that optimis-
ing the design of floor and roof beams offers potential for embodied carbon savings in the
structural system.

Optimised cold-steel profiles and higher steel grades could allow a reduction in
structural steel weight without compromising structural integrity [72]. Experimental
and numerical research on cold-formed steel members has demonstrated that profile
optimisation can significantly improve structural efficiency, allowing material reductions
while maintaining strength and serviceability performance [73]. In addition, the adoption
of advanced system-based design methods has been shown to result in lighter and more
economical designs, with material requirement reductions of up to 15% [62]. The 5% and
15% steel reduction scenarios were selected to represent lower- and upper-bound ranges of
potential structural optimisation. These values are intended to explore the sensitivity of
embodied carbon results to reasonable improvements in design efficiency, rather than to
predict specific as-built reductions [73].

To test the potential for practical reductions, this scenario models a 5% and 15% re-
duction in total steel mass, and the results are shown in Table 8. The results demonstrate
that an optimised structural steel design system can significantly reduce embodied carbon
emissions during the A1-A3 stages [62]. A moderate optimisation scenario achieves a
2.1% reduction in A1-A3 embodied carbon, while a more aggressive approach delivers
over 6% savings at this stage alone. Since steel production represents the largest carbon
contributor in the Brooklands modular house, these reductions are particularly impactful.

Table 8. Optimised structural steel design and structural steel embodied carbon and total whole-life
carbon footprint.

. % Steel Share of Total Whole-Life %Reduction
Scenario A1-A3 (kgCOze) Whole-Life Carbon Carbon (kgCO»e) A1-A3 (kgCOse)
Base 34,816 32.05% 91,300 -
5% less-steel design 34,100 30.57% 90,500 2.09%
15% less-steel design 32,700 27.40% 89,100 6.11%

4.2.4. Summary of Alternative Reductions to Embodied Carbon

Figures 11 and 12 summarise the impact of all embodied carbon scenarios. The foun-
dation alternatives delivered the greatest reductions (up to 9.65% in A1-A3 and 4.16% in
whole-life carbon), followed by bio-based insulation (reductions of 2.3-2.6% in whole-life
carbon). Steel optimisation achieved additional reductions of 0.9-2.4%. Combined, these
results show that early-stage material selection can reduce embodied emissions by up to
~10%, supporting a pathway toward lower-carbon modular construction. The combined
reduction of approximately 10% represents an indicative upper-bound scenario, derived by
aggregating individual measures rather than modelling their simultaneous implementation
within a single integrated design.
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Construction Materials (A1-A3)
Steel design 15 % 6.08%
Steel design 5% 2.06%
Expanded Insulation Corkboard (ICB) -0.01%
EKOLUTION® HEMP Fibre 3.91%
KOBE-CZ Hemp Fibre 4.07%
Straw Insulation Panels 3.24%
Wood Fibre Insulation 4.00%
Cold Fusion (Geopolymer) 8.69%
Red Mud (Geopolymer) 8.36%
RCCA 9.65%
Base
29,000 30,000 31,000 32,000 33,000 34,000 35000 36,000
(kgCOse)

Figure 11. Carbon reduction achieved through alternative concrete, foundation insulation, and steel

design scenarios at the cradle-to-gate stage (A1-A3).

Steel design 15 % 2.41%
Steel design 5% 0.88%
Expanded Insulation Corkboard (ICB) 0.99%
EKOLUTION® HEMP Fibre 2.63%
KOBE-CZ Hemp Fibre 2.63%
Straw Insulation Panels 2.30%
Wood Fibre Insulation 2.63%
Cold Fusion (Geopolymer) 3.94%
Red Mud (Geopolymer) 3.83%
RCCA 4.16%
Base

Total Whole Life Carbon

85,000 86,000 87,000 88,000 89,000 90,000 91,000 92,000

(kgCOze)

Figure 12. Reduction in total carbon footprint resulting from alternative concrete, foundation insula-
tion, and steel design scenarios.

4.3. Operational Carbon (B6): Interpretation and Sensitivity Analysis

The IES VE model developed in Section 2.2.4 provided an alternative estimate of

the dwelling’s operational energy use and was employed here solely for sensitivity anal-
ysis. The model predicted a total delivered energy intensity of 57 kWh/m?2-yr, which
lies within both the CIBSE TM54 [64] and LETI benchmark [59] ranges for new-build
EPC Band A dwellings (50-60 kWh/m?-yr), and aligns with the RIBA 2030 [58] inter-
mediate performance target. In the primary life cycle assessment results, operational
carbon emissions (B6) are based on SAP 10.2-derived electricity demand without ap-
plying photovoltaic (PV) export credits, in line with UK regulatory reporting practice.
Although the case study building is equipped with PV, its generation is incorporated only
within the IES VE model and used in this section to explore potential reductions in net
delivered energy.

https:/ /doi.org/10.3390/ civileng7010018


https://doi.org/10.3390/civileng7010018

CivilEng 2026, 7, 18 23 of 29

When on-site solar generation was included, the model yielded a net delivered energy
of approximately 2430 kWh/year, corresponding to a Net Energy Use Intensity (EUI) of
24 kWh/m?yr. Figure 13 illustrates the monthly PV generation profile, showing strong
seasonal variation, with a peak output of 0.55 MWh in May and 0.06 MWh in January.
This seasonal pattern highlights the importance of storage and grid integration to main-
tain stable net-zero operational performance. Validation against LETI benchmark ranges
showed strong agreement for space heating, domestic hot water and lighting (Table 9), sup-
porting the plausibility of the model. The heat pump seasonal coefficient of performance
(SCOP = 3.65) is based on manufacturer data and aligns with the annualised value ap-
plied within SAP 10.2, ensuring consistency between regulatory energy assessment and
sensitivity-based modelling.

0.4

MWh

0.2

0 4 m

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(b)

Figure 13. Monthly PV-generated electricity (in MWh) from the IES simulation, highlighting seasonal
variation from January to December: (a) 3D view base model; (b) PV electricity generation by month.

Table 9. IES VE benchmarking and validation.

End-Use Cat IES VE Result LETI/CIBSE Target
se Lategory (KWh/m?/yr) (KWh/m?2/yr)
Space heating 28.5 25-30
Domestic hot water 18.3 18-25
Lighting 6.9 5-10
Total site energy demand 537 38-55 (Approx.)

(heating + DHW + lighting)

The building envelope supports this low operational demand: walls and roof achieve
low U-values, all windows are triple-glazed with uPVC frames, and the glazing ratio
is approximately 14.86 m?, including a large roof light (5.62 m?) on the third floor to
maximise daylight and reduce reliance on artificial lighting. Collectively, high insula-
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tion, airtightness, and efficient lighting help maintain comfort while minimizing energy
use [74]. Given the absence of measured energy data, a 10% variation was applied to the
base SAP-derived demand to represent typical performance gap uncertainty (commonly
5-30% in UK dwellings) [75]. This enables a realistic range of operational carbon outcomes
without relying entirely on an uncalibrated dynamic model. In comparison with the SAP
baseline (35,326 kgCO»e), the IES VE scenario reduces operational carbon to 25,159 kgCOxe,
representing an approximate 29% reduction under favourable performance and photo-
voltaic generation conditions. Results of the +10% scenarios, and the standalone IES VE
scenario, are presented in Table 10.

Table 10. Operational carbon sensitivity analysis for Brooklands modular house.

. Annual Operational Carbon . Total Whole-Life

Scenario Energy Use (kWh) (B6) (kgCOse) % of Whole-Life Carbon Carbon (kgCO5e)
Base 3412 35,326 38.7% 91,300
IES result 2430 25,159 31.0% 81,093
+10% 3753 38,900 41.0% 94,800
-10% 3070 31,800 36.2% 87,700

5. Conclusions and Future Research

This study assessed the whole-life carbon performance of the Brooklands modular
dwelling, demonstrating how a light-gauge steel frame system can deliver low-carbon
outcomes when supported by fabric-efficient design and optimised material specification.
Using primary construction data within a reproducible LCA framework, the analysis shows
that the dwelling achieves a normalised carbon intensity of 469 kgCO,e/m? across the
reported life cycle stages A1-A4, B4-B5, and C1-C4. When expressed for the product
and construction stages (A1-A5), the embodied carbon intensity is 366.09 kgCO,e/m?,
which is of a similar order of magnitude to values reported for recent high-performing
CLT buildings. This comparison is intended as contextual benchmarking rather than direct
equivalence, reflecting differences in building typology, scale, and modelling assumptions,
and indicating that modular steel systems can achieve upfront carbon levels typically
associated with bio-based construction.

The distribution of impacts, with 38.2% arising from embodied emissions and
48.1% from operational energy and water use, reinforces the need to address both domains
concurrently. Sensitivity analysis indicates that realistic material substitutions, including
lower-carbon concrete, bio-based insulation, and steel optimisation, could collectively
reduce product-stage emissions by up to 10%, offering clear opportunities for design-stage
carbon reduction without altering building form. Operational variations of £10% represent
typical performance uncertainty and do not alter the conclusion that the dwelling performs
within expected high-efficiency ranges.

Overall, the findings indicate that modular LGSF housing can achieve a strong whole-
life carbon performance when supported by an efficient building envelope, low-carbon
energy systems, and informed material selection. For housing associations and social
housing providers, the results demonstrate that procurement strategies prioritising low-
carbon materials, verified EPDs, and efficient building services can meaningfully reduce
whole-life emissions without compromising the delivery speed or housing quality. As
modular construction continues to scale in the UK, transparent and reproducible LCAs will
be essential for informing material choices, refining future design iterations, and supporting
the delivery of affordable, resilient, and low-carbon homes.

This study also underscores the importance of supply chain decisions for embodied
carbon outcomes, particularly the selection of regionally representative EPDs, materials
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with a higher recycled content, and lower-carbon manufacturing pathways. While the
present work focuses on environmental performance, integrating economic considerations
through life cycle costing represents an important complementary direction for future
decision-making in social housing delivery.

Future Research Directions

This study identifies several areas where further research would strengthen the un-
derstanding of the whole-life carbon performance in modular LGSF buildings. First,
the embodied carbon analysis relied partly on non-UK EPD datasets due to limited re-
gional data availability; future work should prioritise UK-verified EPDs and examine
how local manufacturing pathways affect results. The concrete scenarios demonstrated
substantial emissions reduction potential, indicating the need for experimental valida-
tion of geopolymer and recycled aggregate concrete mixes under UK structural and
durability requirements. Similarly, bio-based insulation options warrant further inves-
tigation with respect to the long-term moisture performance, fire safety, and circularity
within prefabricated systems. For the structural frame, advanced parametric optimisa-
tion could better quantify achievable reductions in steel mass while maintaining struc-
tural performance.

Once the Brooklands units are occupied, post-occupancy energy monitoring should
be undertaken to compare the measured performance with IES VE predictions, supporting
model validation and reducing uncertainty in operational energy estimates. Such data
would also enable dynamic life cycle assessment approaches that reflect the temporal
evolution of grid decarbonisation, which is not captured in static LCA methods.

An important next step is the integration of life cycle costing (LCC) with whole-life
carbon assessment to enable simultaneous evaluation of environmental and economic
performance. Comparative assessments with mass timber and hybrid steel-timber systems,
using consistent functional units and system boundaries, would provide additional insight
into alternative low-carbon construction typologies in the UK context. Finally, expanding
the scope beyond carbon to include resource use, indoor environmental quality, and end-
of-life circularity would support a more comprehensive evaluation of modular housing
systems and inform future low-carbon design strategies.
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