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Abstract. Enhancing the energy efficiency of buildings often necessitates additional
materials and advanced technologies, many of which are not locally sourced. This can
result in embodied greenhouse gas (GHG) emissions that may offset the savings from
reduced operational emissions over the building's lifetime. Consequently, embodied
emissions play a critical role in whole-life GHG emissions reduction and must be evaluated
alongside operational emissions to meet emission reduction goals. This study explores the
integration of life cycle impact assessment (LCIA) with building performance simulation
(BPS) to assess the whole-life GHG emissions of residential renovation strategies. An
archetype representing a post-World War II single-family dwelling in Belgium serves as a
case study for evaluating six retrofit scenarios. These scenarios combine different envelope
interventions and materials (petrochemical-based and bio-based options) with varied
energy systems and storage technologies, aiming for low-energy and ultra-low energy
performance levels. By coupling LCIA with BPS, the analysis captures both embodied and
operational GHG emissions over the building’s lifecycle and illustrates the trade-offs
involved in material and design choices. The dynamic BPS approach also accounts for
projected changes in the electricity mix and energy demand patterns. Findings show that
deep energy retrofits can lower total GHG emissions by up to 70% compared to the
unrenovated baseline, achieving a minimum of 11.7 kgCO.e/(m?.y). Despite this
improvement, none of the scenarios satisfy the Danish threshold of 8.2 kgC0O,e/(m?-y) for
total GHG emissions. Sensitivity analysis reveals that factors such as heat pump efficiency,
building airtightness, and photovoltaic panels efficiency significantly affect results. The use
of bio-based insulation materials achieves up to 7% lower embodied emissions compared
to synthetic alternatives. This research presents an integrated framework for balancing
operational and embodied emissions, delivering practical guidance for practitioners and
policymakers aiming to meet European decarbonization targets through sustainable
renovation of the existing building stock.
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1. Introduction

Improving building energy performance typically involves materials and technologies that are
resource- and energy-intensive to produce, often sourced internationally. Consequently,
embodied emissions now represent a substantial share of whole-life greenhouse gas (GHG)
emissions and must be assessed alongside operational energy use to inform realistic
decarbonization strategies (1).

The European Whole Life Carbon Roadmap addressed this by setting ambitious goals to
reduce both operational and embodied carbon emissions from buildings by 2050. Denmark,
among the Nordic frontrunners, has already enforced building regulations that include specific
GHG emission limits based on EN 15978 (2) stages A1-A5 (product and construction), B4
(replacement), B6 (operational energy), and C3-C4 (end-of-life) (3).

Despite progress, integration of building energy simulation (BES) with life cycle assessment
(LCA) remains limited and centred on the envelope. Early work by Cellura et al. (4), followed by
Yeung et al. (5), Shadram & Mukkavaara (6), and others (7,8), identified a trade-off between
material use and energy consumption. Satola et al. (9) provided a more holistic perspective,
combining interventions in the envelope, geometry, systems, and renewables. These studies
underline the value of whole-life cycle thinking, especially during the initial design stages (10).

Given buildings often last over a century, environmental assessments must consider future
shifts in climate and energy systems (11). Dynamic LCA enables this by incorporating time-
dependent variables such as technological advancements, occupant behavior, and changes in
energy systems (12). Mendez Echenagucia et al. (13) showed that envelope upgrades have
reduced effectiveness as the grid decarbonizes. Van de Moortel et al. (14) stressed the relevance
of integrating dynamic electricity mix data and efficiency growth trajectories for electrical heating
systems. However, the use of a dynamic approach remains rare in retrofit studies.

This study addresses these research gaps by examining six renovation alternatives for a post-
World War II single-family dwelling in Belgium. It explores how embodied and operational
emissions can be dynamically coupled in building retrofits, identifies critical variables affect the
lifecycle environmental performance, evaluates potential trade-offs between embodied and
operational emissions, and examines how climate change and evolving electricity mix affect
progress toward Zero Carbon buildings.

Novel contributions include dynamic integration of embodied and operational emissions on
a 50-year horizon, integrating time-varying emission factors and climatic conditions. The analysis
spans envelope, systems, and on-site renewables, and pinpoints the most influential design
variables via a sensitivity analysis. Finally, the study includes life cycle stages A1-A5, B4, B6, and
C3-C4, in line with Danish regulation (3). Since Belgium lacks GHG thresholds and no retrofit-
specific regulations are available, the Danish standard was adopted as a reference for its
comprehensive LCA coverage and typology-specific thresholds. Nonetheless, this choice entails
limitations due to differences in emission factor databases and projected energy mixes between
Belgium and Denmark, as well as the scope of the standard, which targets new constructions
rather than retrofits.

2. Methodology

2.1 Building location
The analyzed building is located in Brussels, within the mixed-humid Climate Zone 4A (15).
Historical weather data (2016-2019) from the Royal Meteorological Institute (16) were used for
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model calibration. Future hourly weather files (2030, 2040, 2050) were generated using
Meteonorm 8.0 (17) under Representative Concentration Pathway (RCP) 8.5, aligning with
current global GHG emission trends (18).

Electricity mix dynamics were modeled with emission factors (EFs) at yearly resolution.
Current data (2023) were sourced from Electricity Maps (19), while future projections (2030-
2050) were based on Ramon & Allacker (20), who analyzed the changes in the electricity grid
composition (including the temporary nuclear phase-out) under RCP 8.5.

2.2 Building characterization
The case study builds on work by Attia et al. (21), focusing on an archetype of a Belgian single-
family home constructed between 1945 and 1969, a typology representing 48% of the national
housing stock (21). The building includes four levels (garage, living, sleeping, and attic) with a net
floor area of 259 m?2. It has a load-bearing wall structure, concrete block walls, red brick facade,
and timber roofing. The building uses a gas boiler for space heating and DHW, with no mechanical
ventilation or cooling.

Previous partial retrofits included double-glazed windows, ground floor, attic slab and roof
insulation, and external shadings. Despite these, the current energy class is F, with an energy use
intensity of 166 kWh/m?.y and operational GHG emissions of 32 kgCO,e/(m?-y).

2.3 Renovation scenarios and energy model

Two renovation scenarios were designed: S.01 (Low-Energy scenario) targeting energy class C/D,
and S.02 (UltraLow-Energy scenario) targeting energy class A/B. Renovation covered three main
aspects: envelope, technical systems, and renewable energy systems.

As for the envelope, S.01 requires moderate U-values, while S.02 aligns with Passive House
standards (22) (Table 1). Both scenarios test petrochemical and bio-based insulation materials.
External insulation was chosen to preserve the floor area and minimize thermal bridges.

As for systems, S.01 includes System C (natural air supply and mechanical exhaust) and
System D (mechanical air supply and exhaust with heat recovery). S.02 includes System D only as
it adopts top-performance materials and systems. All scenarios use reversible air-to-water heat
pumps for heating and cooling. S.01 retains the original radiators and operates at 55°C. S.02
introduces low-temperature emitters and underfloor heating, operating at 35°C. All scenarios
replace existing lamps with LEDs, reducing the power density from 8-12 W/mz2 in the base case
(BC) to 3 W/m2in S.01 and 1.5 W/m2in S.02.

On-site photovoltaic (PV) systems are installed on the southwest-facing roof, with 12 m?
polycrystalline PV panels in S.01, and 32 m? of monocrystalline PV panels plus 5m? of solar
thermal collectors in S.02.

A total of six alternatives were therefore analysed: S.0la (Low-Energy - System C -
Petrochemical), S.01b (Low-Energy - System C - Bio-based), S.01c (Low-Energy - System D -
Petrochemical), S.01d (Low-Energy - System D - Bio-based), S.02a (UltraLow-Energy - System D -
Petrochemical) and S.02b (UltraLow-Energy - System D - Bio-based). The energy models were
created using DesignBuilder 7.3.0 and EnergyPlus 9.4.0, and were calibrated with measured data.
More details can be found in Bertini et al. (23).

2.4 Life cycle impact assessment (LCIA)

The LCIA followed EN 15804+A2:2019 (24) and EN 15978 (2) standards, using a 50-year
reference period. An attributional LCA with dynamic prospective modelling was adopted,
including future electricity mixes, climate change scenarios, and replacement cycles to better
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reflect the consequences of renovation decisions over 50 years. Strict consequential LCA
(requiring system expansion and marginal technologies) was not performed.

Materials and components emissions were sourced from TOTEM (25) (integrating Ecoinvent
(26)) and B-EPD (27). Verified Environmental Product Declarations (EPDs) were prioritized.
When EPDs were unavailable, secondary data from Ecoinvent was used, following ILCD Handbook
recommendations (28).

Material and energy flows were tracked and balanced using Material Flow Analysis (MFA),
identifying inflows, stocks, and outflows across life cycle stages. Material inventories were
extracted from Revit (for envelope and structure) and AutoCAD (for technical systems). Quantities
for systems were verified manually using datasheets, CIBSE TM65 guidelines (29), and product-
specific EPDs.

The LCIA focused on modules A1-A3 (material production), A4-A5 (transport and
construction), B4 (replacement), and C3-C4 (end-of-life) following EN 15804+A2 guidelines (24).
Manufacturing, transport, use, and disposal of concrete, reinforced steel, cement blocks, bricks,
and timber were sourced from Ecoinvent (26). Brightway2, a Python-based open-source LCA
framework, allowed advanced modeling flexibility. The Building Carbon Modeling Framework
(30) was used to model building services like PV panels, air handling units, heat recovery units,
and heat pumps. Emissions from upstream processes, usage, maintenance, and end-of-life
(including refrigerant loss, material recovery, solid waste transport) were calculated.

Table 1. Input variables for each renovation scenario

BC S.0la S.01b S.01c S.01d S.02a S.02b
Infiltration rate [ach] 0.87 0.12:0.03:0.30 0.12:0.03:0.30 0.04:0.01:0.09
External Wall U-value 1.7 0.80:0.04:1.00 0.80:0.04:1.00 0.15:0.05:0.40
[W/(m?K)]
Roof U-value [W/(m2K)] 1.3 0.80:0.04:1.00 0.80:0.04:1.00 0.15:0.05:0.40
Door U-value [W/(m?K)] 2.8 1.40:0.10:2.00 1.40:0.10:2.00 0.80:0.10:1.20
Glazing U-value [W/(m?K)] 29 1.30:0.10:1.80 1.30:0.10:1.80 0.80:0.10:1.20
Glazing g-value [W/(m2K)] 0.74 0.40:0.04:0.60 0.40:0.04:0.60 0.20:0.02:0.30
Heating generator Gas boiler Heat pump Heat pump Heat pump

(55°0) (55°C) (35°Q)

Heating COP [-] 0.76 2.50:0.25:3.75 2.50:0.25:3.75 4.00:0.25:5.50
Cooling EER [-] - 3.00:0.25:4.25 3.00:0.25:4.25 4.50:0.25:6.00
Ventilation system Natural C D D

Renewables

PV panels efficiency [-]

Water tank volume [m3]

12 m?2 Poly PV

0.13:0.01:0.16

0.15:0.05:0.30

12 m?2 Poly PV

0.13:0.01:0.16

0.15:0.05:0.30

32 m2 Mono PV
+ Solar collector

0.15:0.01:0.20

0.15:0.05:0.30
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2.5 GHG emissions calculation and coupling

Operational emissions (Stage B6) were calculated in kgCO,e/(m?.y) by multiplying simulated
energy use by the corresponding electricity emission factor (EF). Annual refrigerant leakage from
the heat pump (30) (based on a charge of 3.25 kg of R-32 and an annual leakage rate of 5%)
contributed an additional 0.55 kgCO,e/(m?-y).

Embodied emissions were derived from the LCIA (Section 2.5) and averaged over 50 years.
Total emissions were calculated by summing operational and embodied emissions, obtaining
annual (in kgCO,e/(m?-y)) and cumulative GHG emission intensities (in kgCO,e/m?) metrics for
scenario comparison.

2.6 Sensitivity and uncertainty analysis

To identify the key factors influencing operational emissions, a global sensitivity analysis was
carried out in jE+EA (31) using the Morris method (32). Envelope properties, system
specifications, and renewable generation inputs were varied concurrently (Table 1). 25
trajectories (resulting in a sample size of 300) were set to run the simulations.

For the LCIA, Montecarlo simulations (33) were performed to assess uncertainties related to
material quantities and emission factors for the most influential materials. Quantities were varied
by +10%. For the emission factors, values from at least three EPDs per material were considered
for concrete, steel, and timber. A total of 230 runs generated probabilistic distributions and
confidence intervals for the resulting embodied emissions.

3. Results

3.1. Influential factors in operational emissions

Operational emissions range between 6.0 and 9.9 kgCO,e/(m?-y). UltraLow-Energy scenarios
(S.02a/b) yield the lowest emissions, followed by Low-Energy scenarios with System C ventilation
(S.01a/b), and highest in Low-Energy with System D ventilation (S.01c/d) (Figure 1).

Sensitivity analysis shows that in Low-Energy cases, the heat pump’s COP is the most
influential factor, followed by airtightness and external wall U-values. In UltraLow-Energy
scenarios, PV panels efficiency becomes most critical due to the larger system size, followed by
COP and external walls and roof U-values. Factors like water tank size, door and ground floor U-
values, and the heat pump’s cooling performance (EER) contribute negligibly across all cases.

These rankings correlate with the building’s heating-dominated profile, where emissions
reductions stem from improved heating efficiency and thermal envelope upgrades. The roof’s
lower impact compared to walls is attributed to its relatively better baseline performance and
smaller surface area. The impact of window replacement is also limited due to the low window-
to-wall ratio.

3.2. Influential Factors in Embodied Emissions

Embodied emissions of retrofit scenarios range from 6.7 to 10.0 kgC0O,e/(m?y) (Figure 2).
UltraLow-Energy cases have higher emissions than Low-Energy scenarios due to more intensive
upgrades and larger PV systems. Using bio-based alternatives reduces embodied emissions by
7.6% in Low-Energy and 3.9% in UltraLow-Energy scenarios compared to petrochemical options.
PV systems are the largest contributors, especially in UltraLow-Energy cases with 32 m?
monocrystalline panels. Secondary contributors include external wall insulation, shading devices,
roof insulation, and windows. Among building systems, the heat pump dominates emissions in
scenarios with mechanical ventilation type C, while mechanical ventilation units are the primary
contributors in System D configurations.
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Figure 1. Sensitivity analysis results for operational emissions: the distribution of the operational
emissions (top), and parameters ranking according to the Morris absolute mean of the elementary
effect (u*) (bottom).
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Renovation scenarios

Figure 2. Impact by material on embodied emissions (top) and total annual embodied emissions
(bottom) per renovation scenario.
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3.3. Embodied and operational emissions trade-off

A trade-off emerges between operational and embodied emissions. In Low-Energy scenarios,
where operational energy use is higher, embodied emissions account for 39-48% of total GHG
emissions (Table 2). This proportion increases to 82-83% in UltraLow-Energy scenarios. While
operational emissions decrease with performance upgrades, material demand (and thus
embodied emissions) increase accordingly. Despite this, retrofit scenarios result in lower total
annual emissions than in the BC.

Table 2. Embodied, operational and total annual GHG emissions for each renovation scenario

BC S.01a S.01b S.01c S.01d S.02a S.02b

Annual embodied emissions 0 7.2 6.7 7.3 6.7 9.9 9.6
[kgCO2e/(mzy)] (48%) (46%) (41%) (39%) (83%) (82%)
Annual operational emissions 32 7.8 7.8 10.4 10.4 2.1 2.1
[kgCO2e/(mzy)] (52%) (54%) (59%) (61%) (17%) (18%)
Total annual GHG emissions 32 15.0 14.5 17.7 171 12.0 11.7
[kgCO2e/(m>y)]

3.4. Static vs dynamic GHG emissions modeling

The application of a delayed stepped cumulative emissions approach over 2025-2055 provides a
nuanced understanding of embodied GHG emissions distribution in renovation scenarios,
capturing initial lower emissions in 2025 and gradual increases from component replacements.

Across all renovation scenarios, initial embodied emissions are 25-30% lower than in static
models (which condense total embodied emissions at the moment of renovation). This more
accurately represents the emissions from first-time installations. Replacement emissions are
reintroduced in three steps: 2035-40 (internal paint and LED lighting), 2045-2050 (heat pumps
and ventilation units, shading devices, glazing systems and PV systems), and 2055 (external walls
and insulated roof assemblies).

Overall, 60-65% of total embodied emissions occur in the first 25 years, with the remainder
post-2050, highlighting potential lifecycle carbon escalation, especially in S.02a and S.02b due to
heavy insulation greater reliance on renewables.

Dynamic scenarios also include future changes in the Belgian electricity mix and in building
energy use due to climate change, resulting in steeper emission curves after 2030. In fact, higher
future EFs, except in S.02, do not fully offset energy-use reductions related to climate change.

Cumulative emissions in BC are surpassed by retrofits within 5-13 years, with dynamic
scenarios (and especially S.01b) recovering the fastest and static scenarios (particularly S.02a)
the slowest. These findings demonstrate that static LCA underestimate the true GHG emissions
trajectory, and underscore the importance of dynamic modeling to capture the cumulative impact
of scheduled replacements, climate change, and EF evolution.

4. Discussion

4.1. Findings and recommendations
For heating-dominated buildings, reducing operational emissions effectively involves upgrading
heating systems, enhancing airtightness, and insulating external walls in Low-Energy
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Figure 3. Comparison of static and dynamic modelling of cumulative GHG emissions (2025-2055)

renovations. In UltraLow-Energy strategies, PV panels efficiency and high-performing heating
systems become key, alongside walls and roof insulation (Figure 1).

However, lower operational emissions often mean higher embodied emissions, largely due to
extensive use of PV panels and material-intensive envelope renovation. Despite this, UltraLow-
Energy retrofits still deliver the lowest life-cycle emissions, especially when bio-based materials
are used, cutting embodied emissions by up to 4% (Figure 2). Using static emission factors,
climatic conditions and averaged embodied emissions can misrepresent real-world GHG
emissions trajectories (34) in retrofit scenarios (Figure 3). In contrast, dynamic modeling enables
more accurate scheduling of carbon-intensive interventions, supports lifecycle-based carbon
budgeting and policy planning, and informs strategic design decisions about material longevity
and replacement frequency.

The results obtained show that, to reach zero-carbon targets for Post-WWII housing stock, the
following steps are essential: 1. Integrate PV systems and heat pumps with envelope upgrades
(walls and roof). 2. Use bio-based materials to minimize embodied GHG emissions spike. 3. Apply
dynamic modeling approaches to improve the accuracy of GHG emissions over time.

4.2 Strengths and limitations

A core strength of this work is its integrated life-cycle approach, evaluating both operational and
embodied emissions across stages A1-A5, B4, B6, and C3-C4, in line with Danish regulation (3)
and [EA Annex 89 (35). Moreover, the combination of life-cycle approach with dynamic energy
modeling and sensitivity analysis makes it one of the few retrofit studies to apply such a
comprehensive framework (Section 1). The methodology is transferable to other case studies, yet
results are context-specific, influenced by local climate, construction practices, building geometry
and occupation patterns. Finally, the use of a building archetype allows for broader application of
the same renovation strategies within the building stock.
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Limitations include a lack of economic analysis, which is critical in real-world decision-
making. Uncertainty assessment was restricted to embodied emissions, and future changes in
material supply chains and technological improvements were not considered in emission
calculations. For instance, technological progress could yield more efficient and cost-effective
renewable energy and storage systems, thereby increasing their share in the electricity mix and
reducing the carbon intensity of construction products.

These aspects should address in future research by integrating cost analysis in whole-life
GHG emissions assessment and applying the methodology to broader case study application.
Finally, a standardized framework (36) and real-time emissions monitoring during building
operation would support net-zero carbon target achievement and validation of modeled
outcomes.

5. Conclusion

The study evaluated six retrofit scenarios for a post-WWII single-family home in Belgium, using
both petrochemical and bio-based materials. Operational and embodied emissions were
calculated via dynamic simulation and life cycle modeling, then combined to assess total and long-
term impacts over 50 years.

Results show that UltraLow-Energy renovations with bio-based materials offer the best path
toward emission reduction targets. Findings also underscore the need for full life-cycle and
dynamic modeling, considering electricity grid evolution and climate trends, to improve the
robustness and effectiveness of retrofit strategies.
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