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Abstract: Containing global warming to 1.5 ◦C implies staying on a given carbon budget and therefore
being able to design net zero carbon buildings by 2050. A case study corresponding to a French
residential building is used to assess the feasibility of achieving this target. Starting from an actual
construction built in 2016, various improvement measures are studied: lowering heating energy
needs, implementing bio-sourced materials and renewable energy systems (geothermal heat pump,
solar domestic hot water production, and photovoltaic electricity production). Dynamic thermal
simulation is used to evaluate energy consumption and overheating risk in hot periods. Greenhouse
gas emissions are quantified using a consequential life cycle assessment approach, considering that
during a transition period, exporting electricity avoids impacts corresponding to marginal production
on the grid. Avoided impacts decrease and become zero when the grid is ultimately “decarbonized”.
From this point, the building should be net zero emissions, but there remain unavoidable emissions.
Residual GhG (greenhouse gas) emissions account for 5.6 kgCO2 eq/m2 annually. The possibility of
offsetting these emissions is investigated, considering sequestration in forests or vegetation systems.
A net zero emission level can be achieved, but on a national level, it would require that the whole
sequestration potential of forest growth be devoted to offset emissions of new construction. A circular
economy for construction products and equipment and considering water use will be needed to
further decrease environmental impacts.

Keywords: life cycle assessment; energy simulation; carbon sequestration; zero carbon emission building

1. Introduction

The building sector accounts for 36% of the EU’s final energy consumption and
almost 40% of total direct and indirect greenhouse gas emissions [1]. Decarbonizing this
sector is crucial to achieve the objectives set by international climate agreements [2] and to
maintain the earth in a safe operating space [3–5]. This involves improving our construction
standards to a net zero emission performance. However, analyzing the roadmaps for
achieving climate targets in different regions of the world shows that achieving Zero
Carbon and Energy Buildings (ZCEBs) by 2050 is still problematic [6,7]. These roadmaps
rarely consider embodied emissions due to complexity, e.g., related to emissions outside
national boundaries. Literature proposals for the Zero Energy Building definition also tend
to focus only on operational energy use, see for instance [8].

At the EU level, where low emissions are targeted, the Energy Performance of Build-
ings Directive (EPBD) has defined a zero-energy building target [1]. This is a positive
initiative, though considering embodied carbon emissions remains important, as they can
amount up to 75% of the total life cycle in net zero-energy buildings [9]. The concept of
a zero emission building is still progressively becoming the target [9] and has even been
extended to the neighborhood level [10,11]. Several definitions have been suggested for
(net) zero carbon buildings and are thoroughly described and analyzed in [12]. The au-
thors have identified large variations in methodological options (e.g., “system boundaries
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for both operational and embodied GhG emissions, the type of GhG emission factor for
electricity use, the approach to the “time” aspect, and the possibilities of GhG emission
compensation”). They finally acknowledge the unavoidable discrepancies among the
ZCEB definitions across countries but urge the account of embodied carbon emissions and
recommend the use of dynamic marginal electricity factors.

The design of ZCEBs remains highly dependent on the local context, e.g., availability
of low impact materials, access to clean power or heat, and on-site renewable energy
sources (RES). As a consequence, achieving a ZCEB could be close to impossible [13,14].
Aside from technical barriers, legislative, cultural and financial barriers have also been
revealed in other countries, such as the UK [15]. Education and sensibilization aiming at
applying Sustainable Development Goals in professional practice [16] are important, as
well as combining qualitative and quantitative methodologies [17].

Life cycle assessment has been applied to buildings for a long time, and several reviews
highlight the profusion of methods, data and accessible tools [18–21]. Some authors have
even specifically reviewed consequential LCA in the building sector [21], which has been
considered the more relevant methodological approach in an eco-design context [22].
The possibility of evaluating a consistent set of environmental indicators allows progress
toward zero GhG emission building without degrading other environmental problems. It
is mostly used in a comparative way, although recent efforts have been made to progress
toward an “absolute” environmental evaluation [23,24], based upon the planetary boundary
concept initially developed by Röckström and Steffen [3,4]. Combination with optimization
strategies is recent and so is combination with the planetary boundary concept [25]. Zero
emission buildings and districts are not always evaluated through a life cycle perspective,
as explained by Brozovsy et al. [11].

Using wood or other bio-based materials is seen as one efficient solution to decrease
embodied GhG emissions [26,27] and progress toward a circular economy [28]. Accounting
for biogenic carbon is still a vivid debate among LCA researchers and practitioners, as
various strategies coexist [29–31], and none are fully consensual. Some methods go up
to complex modelling [32] integrating e.g., rotation period [33] or forestry carbon bud-
get [34] but are not fully operational yet. Proper management of existing forests and
forest landscape restoration (FLR) can be a relevant means for carbon storage and timber
production [35].

Progress has also been made in decarbonizing building materials (e.g., cement, steel)
through emission reduction and carbon capture technologies [36–38]. Despite higher costs,
carbon capture can be made operational through economical circular CO2 recovery [39],
which would ease the achievement of zero carbon buildings.

Based upon previous works addressing zero carbon and energy efficiency objectives,
assessment methods, design approaches and technical aspects, this paper attempts to
answer the following research question: is it technically feasible to reach a net zero GhG
emission balance in a building over its life cycle, and which techniques need to be im-
plemented towards this objective? The available solutions and existing challenges are
analyzed. The possibility of offsetting remaining emissions by carbon capture and storage
(CCS) or soil and tree sequestration is explored. The method aims to pave the way towards
planetary-boundary compliant buildings, starting with climate change and net zero emis-
sions buildings in a case study. The order of magnitude of emissions offset in the case
of a residential building, typical of new construction in France, is evaluated through an
original prospective and consequential approach. Other types of buildings can be studied
by applying the same methodology.

This article is structured as follows: first the method is presented, then the case study,
including the improvement possibilities of the building envelope (insulation and windows),
the choice of materials (structure, inertia and insulation), and the choice of equipment (heat
pump, solar collectors, etc.). The results for the energy and environmental assessment
of the actual vs improved building are then presented and discussed in a separate part.
Description of the methods includes the energy simulation procedure as well as the life cycle
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assessment framework and hypothesis. The results include the analysis of the building’s
emissions as well as possible offsetting to achieve a net zero emissions balance at the
building and further at the national scale. Sensitivity to data quality and uncertainty is
explored in a specific discussion section.

2. Methods
2.1. Methodology Overview

The steps followed for the study are summed up in Figure 1 below. The study was
carried out on a low energy gas-heated residential building that was built in 2016 in France.
A first assessment is performed on the actual building. Then, alternative design options are
studied using energy simulation and life cycle assessment (LCA) in order to evaluate the
potential for reducing emissions by optimizing the building (architectural, technological
and behavioral choices). The remaining GhG emissions to be offset are then quantified in
order to derive the required amount of CO2 to be captured and the feasibility of offsetting
by, e.g., tree planting, as well as the possible obstacles to such implementation. Finally, a
top-down approach is performed at the level of the French residential building stock to
highlight the order of magnitude of emissions to be offset from a carbon-neutral perspective
for the sector in 2050.
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Figure 1. General overview of the methodology.

2.2. Building Energy Simulation

Energy performance is studied using the dynamic thermal simulation tool Pleiades
STD Comfie [40]. Heating needs and consumption of the building are evaluated during
a typical year with hourly resolution, based on thermal characteristics of envelope and
systems, the site (climatic data, near and distant shading), occupancy scenarios (tempera-
ture set-point, internal heat gains corresponding to electricity consumption, domestic hot
water (DHW), occupancy, etc.). The model is based on the concept of a thermal zone, a
subset of the building considered with a homogeneous operating temperature. A finite
volume discretization mesh is used. For each zone, the walls are divided into nodes that are
sufficiently fine to be considered at a homogeneous temperature and an additional node
corresponding to the air volume, furniture and light interior partitions. A heat balance
is applied to each node, which can be represented at the zone level by a continuous and
invariant linear system.

A modal reduction method is applied to each zone model to reduce the computation
time. The reduced matrix systems of the zones are grouped by a coupling procedure. The
outputs at each time step are calculated as a function of the indoor (heat gains from occu-
pants and equipment) and outdoor (outdoor temperature, solar radiation) driving forces
of the building. Non-linear phenomena (ventilation) or variable parameters (additional
resistance due to shutters) are taken into account by correcting the driving force vector.
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Model reliability was evaluated by comparison with real data [41] and by the international
BESTEST procedure for numerical comparison of reference models [42,43].

2.3. Life Cycle Assessment
2.3.1. Tools and Database

Pleiades LCA Equer is used for the life cycle assessment according to the ISO 14040
and 14044 standards [44,45], allowing the quantification of the environmental impacts
of a building over its life cycle according to multiple indicators. The Equer database
provides information on the environmental impacts corresponding to a functional unit
of a product, process or service according to several indicators. It is created using the
Brightway2 framework [46] and the ecoinvent database [47,48] version 3.8 using a wide
range of life cycle impact assessment methods. Unit process data are contextualized to the
French context (e.g., regarding electricity production). The reliability of Pleiades LCA Equer
has been studied by inter-comparison with other software in several research projects. The
results showed good overall reproducibility, but discrepancies can arise from inventory data
sources and methodological differences, e.g., allocation and accounting for biogenic carbon.

2.3.2. Main Assumptions

The functional unit considered for the case study is 1 m2 of an apartment building
housing 0.04 occupants per m2 over one year, according to the occupancy scenarios shown
in Table 1. A lifespan of 100 years is considered for the building (10 years for building
finishes, 20 years for equipment, 25 years for PV modules and 30 years for windows). LCA
is carried out under the conservative assumption of identical replacement of an element at
the end of its lifespan.

An hourly resolution model is used for the electricity production mix, considering
a consequential LCA approach. This approach is appropriate for buildings exporting
electricity to the grid (photovoltaic generation) as it considers the complex interaction of the
building with the grid, assuming that exported electricity avoids production by marginal
generation technologies. Prospective scenarios from RTE (French electricity Transmission
System Operator) and ADEME (French environmental agency) were considered for 2025,
2035 and 2050 [49]. To represent a 100-year life span, the 2025 mix is considered for 5 years,
then 25 years for 2035 and 70 years for 2050. This calculation therefore corresponds to a
transition period, and the indicators expressed per year correspond to a yearly average of
the impacts over the building life cycle. The energy simulation results were used to evaluate
the heating load and thermal comfort. In addition to the 40 L of hot water consumption, an
average cold water consumption of 100 L/person/day is considered as well as wastewater
treatment. The transport of occupants and domestic waste are not considered.

The end of life considered is the recycling of metals, photovoltaic systems and recy-
clable materials (e.g., concrete is crushed to produce aggregates). Plastics are incinerated
and biobased materials are treated at the end of life so that biogenic carbon can be stored
for a very long time. The rest are considered inert waste and sent to landfills.

2.3.3. Environmental Indicators

Because this article focuses on GhG emissions, the climate change indicator is the
main focus. It is evaluated using the Environmental footprint v3.0 method developed by
the JRC [50]. But damage indicators on human health, ecosystems and resources are also
evaluated according to the Recipe 2016 method [51].

2.3.4. Consideration of Biogenic Carbon

In the EQUER method, negative biogenic CO2 emissions are accounted for in the
production stage if a new tree is growing, which is the case for wood from certified forests.
But if the wood stems from non-certified forests, the same amount of carbon is stored in
the building as if it were stored in the forest. Therefore, no carbon fixation is considered
(“0” instead of “−1” according to the notation of EN 15804 standard [52]). At the end of
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life, the quantity of biogenic CO2 is emitted if the wood is incinerated but not if the wood
is landfilled or recycled (see Figure 2). Landfilling can delay emissions for a very long time,
according to [53].
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2.4. Case Study Presentation

The residence Les roches blanches, located near Chambéry (Savoie, France), is
composed of two low-energy apartment blocks built in 2016, each with 4 floors and
17 flats of different sizes (Figure 3). The total living area is 2414 m2. The buildings have
a concrete structure with external insulation (18 cm of rock wool on the walls, 30 cm
on the sloped roofs and 30 cm of polyurethane on the flat roofs) and low emissivity
double glazed windows. Space heating and domestic hot water (DHW) production are
provided by a gas boiler. Ventilation is provided by a humidity-sensitive double flow
ventilation system (exchanger efficiency: 80%). Climatic data correspond to a typical
year in the region (Macon, France).
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Figure 3. Residence Les Roches Blanches, source: Jean Paul Faure Architect.

The considered scenarios of temperature set points, occupancy, domestic hot water
(DHW) consumption and heat gains corresponding to specific electricity consumption are
defined in Table 1.
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Table 1. Occupancy scenarios.

Category Scenario

Heating temperature set point 20 ◦C (constant over the year)

Occupancy Hourly scenario based on a stochastic model of
occupancy developed by [54]

Internal gains Hourly scenario based on a stochastic model of
occupancy developed by [54]

Domestic hot water 40 L/day/person at 55 ◦C

2.5. Improvement of the Building

Starting from the actual building, an improved building model has been derived
in order to evaluate a potential reduction of GhG emissions. Three main elements are
considered: the structure and envelope of the building, heating and ventilation equipment,
and the renewable energy system. The principle is first to decrease material and energy
needs, then to improve energy efficiency, and finally to cover energy needs as much as
possible through renewable production. Each improvement is evaluated using the energy
simulation and life cycle assessment tools presented above.

The concrete structure of the actual building was replaced by timber frames (walls
and roofs), and low carbon concrete was used for the foundation as well as the suspended
floor. The intermediate floors remained in low-carbon concrete in order to add thermal
mass to the wooden structure and improve summer comfort. A thin layer of raw earth was
put on the walls and roofs for the same purpose. The insulation of the wooden walls and
roof is made of 23.5 cm wood wool. The wood used in the construction is assumed to be
grown in sustainably managed forests. The gas boiler for heating and domestic hot water
(DHW) has been replaced by a geothermal heat pump (cop: 3.5 for heating; cop: 2.7 for
DHW). Solar thermal collectors for DHW have been installed (140 m2) providing most of
the needs, complemented with the heat pump backup. The heat exchanger efficiency of the
ventilation system has been increased from 80 to 85% in order to reduce heat losses.

Double glazing is replaced with triple glazing, except on the south facades in order
to improve the insulation while providing high solar gains. Night ventilation by window
opening is considered to improve summer comfort and blinds were installed with 80%
reduction of solar factor during the summer on the parts most exposed to overheating. A
176 kWp photovoltaic system was set up on the roofs and southern external facades of the
building in order to offset the carbon emissions of the electricity consumption (heating
and DHW backup, lighting, ventilation and domestic appliances), taking into account the
electricity production mix with higher emissions in winter than in summer.

3. Results
3.1. Energy Simulation of the Actual Building

The results are presented in Table 2. Areal ratios are provided per m2 of net heated area.

Table 2. Actual building energy simulation results (annual balance).

Category Equipment Areal Ratio (kWh/m2)

Heating needs Gas 15

Energy needed for DHW Gas 34

Electricity use Grid 26

Electricity use for ventilation CMV 1 1
1 Controlled Mechanical Ventilation of the building: CMV (0.45 ach) + air renewal (6 ach) by opening windows at
night in summer if indoor temperature > 22 ◦C and outdoor temperature < indoor.
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3.2. Life Cycle Assessment of the Actual Building

The environmental impacts in terms of greenhouse gas (GhG) emissions and damage
indicators (human health and ecosystems) obtained for the base case (actual building) are
given in Table 3, expressed per m2 of net building area and per year so that they can be
compared with benchmark references.

Table 3. GhG emissions and damage indicators of the actual building.

Impact Unit Construction Use Renovation End-of-Life Total

Climate change
(EF v3.0) kgCO2 eq/m2/yr 3.1 × 100 2.7 × 101 2.5 × 100 1.2 × 10−1 3.3 × 10−1

Damage to ecosystem
(ReCiPe2016) specie.yr/m2/yr 1.6 × 10−8 1.0 × 10−7 2.5 × 10−8 4.7 × 10−10 1.4 × 10−7

Damage to human health
(ReCiPe2016) DALY/m2/yr 8.7 × 10−6 3.9 × 10−5 1.8 × 10−5 1.7 × 10−7 6.7 × 10−5

Damage to resources
(ReCiPe2016) USB/m2/yr 2.0 × 10−1 2.8 × 100 2.8 × 10−1 8.5 × 10−3 3.3 × 100

The total climate change impact is around 33 kg CO2 eq/m2/year. By comparison,
these emissions vary between 10 kg CO2 eq/m2/year (passive building with a photovoltaic
system) and 160 kg CO2 eq/m2/year (uninsulated old building heated with gas) in a
benchmark study performed in the frame of International Energy Agency Annex 72 [55].
The largest emissions correspond to the use stage, as can be seen in Figure 4.
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The objective of this case study is to investigate the feasibility of achieving net zero
carbon emissions through eco-design measures, such as the use of bio-based materials,
minimization of energy requirements and the use of low-impact energy sources, as well as
the sequestration of the remaining emissions.

3.3. Energy Simulation of the Improved Building

Energy requirements were minimized, as shown in Table 4.
Summer comfort has also been studied. The increased thermal mass of the building,

night ventilation and blinds have improved the comfort level, despite an overall lighter
timber frame structure compared to the actual building. Aside from its importance for
building quality, assessment of thermal comfort is crucial to prevent future usage of active
cooling, which could downgrade the overall environmental performance of the building
because of increased energy consumption and additional equipment. Figure 5 illustrates
the effect of night ventilation, which allows, thanks to the thermal mass of the building and
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its good insulation to keep indoor temperature below the external one during hot periods.
The choice of thicknesses of materials with high thermal mass (concrete floors, raw earth)
in the improved building was made to maintain the annual temperature between 20 and 27
◦C, with a maximum discomfort rate of 1% (percentage of hours above 27 ◦C or below 20
◦C). According to these thermal simulation results, improvements proposed to reduce GhG
emissions would not reduce the thermal comfort level of the building.

Table 4. Improved building energy simulation results (annual balance).

Category Equipment Areal Ratio
(kWh/m2)

Heating needs Heat pump 30 kW 5

Energy needed for DHW solar thermal collector (140 m2)
+ electric back-up

13

Electricity use Network 26

Electricity consumption for ventilation CMV 1

Photovoltaic electricity production PV panels 58
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3.4. Life Cycle Assessment of the Improved Building

The results of the LCA study show a potential GhG emission reduction of up to 97%
(Table 5) using bio-based materials, minimizing heating needs and using low carbon energy
sources through the implementation of appropriate equipment. The choice of a timber
frame structure reduces construction emissions from 3.01 to −0.41 kg CO2 eq/m2/year.
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Table 5. GhG emissions and damage indicators of the improved building.

Impact Unit Construction Use Renovation End-of-Life Total

Climate change (EF v3.0) kgCO2 eq/m2/yr −4.09 × 10−1 −2.27 × 100 5.06 × 100 1.49 × 10−1 2.53 × 100

Damage to ecosystem
(ReCiPe2016) specie.yr/m2/yr 2.63 × 10−8 −8.42 × 10−10 3.97 × 10−8 5.43 × 10−10 6.57 × 10−8

Damage to human health
(ReCiPe2016) DALY/m2/yr 6.32 × 10−6 −9.42 × 10−7 2.65 × 10−5 1.82 × 10−7 3.20 × 10−5

Damage to resources
(ReCiPe2016) USB/m2/yr 1.94 × 10−1 −2.18 × 10−1 4.63 × 10−1 7.23 × 10−3 4.46 × 10−1

A considerable reduction in operational emissions is achieved, made possible by re-
placing the gas boiler and using renewable energy sources (solar thermal and photovoltaic).
The photovoltaic system is oversized in relation to the self-consumption needs to account
for the difference between winter and summer grid emissions. Avoided impacts consid-
ering marginal production are accounted for, but they become zero when the national
electricity grid mix is 100% renewable. The 100% renewable electricity mix considered is
taken from the ADEME prospective study [56] and is composed of 63% wind power, 17%
PV, 13% hydraulic and 7% thermal REN (waste incineration, biomass and biogas).

Emissions during renovation appear to be the most significant because of the plumbing,
electricity cables and other equipment (ventilation, PV system, etc.) that is replaced several
times over the lifetime of the building.

All the above measures have allowed a considerable reduction of the total GhG
emissions of the building: more than 90% of the emissions have been cancelled compared
to the actual building (see Figure 6). But this calculation corresponds to a transition
period. It is also useful to evaluate building performance after this transition. In this
case, when the electricity grid production is decarbonized, the reduction of emissions
becomes 84% (see Figure 7) because there is no avoided impact from PV production
anymore (a 100% renewable grid was considered in this scenario). However, GhG emissions
due to construction products like plumbing, electrical installation, and equipment (solar
collectors, heat pumps, ventilation, etc.) increase the emissions in renovation and make
the total balance positive with a higher value than the actual building due to the effect
of equipment replacement. The whole life cycle GhG emissions would then be around
5.6 kg CO2 eq/m2/year after the transition period.

Energies 2023, 16, x FOR PEER REVIEW 10 of 18 
 

 

 

Figure 6. Yearly average life cycle GhG emissions of the actual and improved buildings during the 

transition period. 

 

Figure 7. Life cycle GhG emissions of the improved building with a decarbonised grid scenario (after 

the transition period). 

3.5. Compensation by Forest Sequestration and Extrapolation to the Dwelling Stock 

In order to answer the research question regarding the feasibility of reaching a net 

zero GhG emission balance in a building, a top-down approach was performed. It consists 

of estimating a carbon budget corresponding to sequestration in forests, which can be ex-

pressed per m2 considering the annual new construction area. The GhG emissions of the 

improved building can be compared to this carbon budget, allowing us to check if the 

climate planetary boundary is respected. 

There are numerous possibilities for offsetting these emissions by sequestration, in-

cluding storage in natural ecosystems (vegetation, soil, aquatic environments). Forest se-

questration gives the possibility of replanting on the same surface and using wood as a 

low carbon construction material. Other means of in situ sequestration may also be of 

great interest, such as vertical vegetation systems (VGS) because of the limitation of exter-

nal sequestration surfaces (forests, meadows, wetlands, etc.) and the possibility of opti-

Figure 6. Yearly average life cycle GhG emissions of the actual and improved buildings during the
transition period.



Energies 2023, 16, 7608 10 of 17

Energies 2023, 16, x FOR PEER REVIEW 10 of 18 
 

 

 

Figure 6. Yearly average life cycle GhG emissions of the actual and improved buildings during the 

transition period. 

 

Figure 7. Life cycle GhG emissions of the improved building with a decarbonised grid scenario (after 

the transition period). 

3.5. Compensation by Forest Sequestration and Extrapolation to the Dwelling Stock 

In order to answer the research question regarding the feasibility of reaching a net 

zero GhG emission balance in a building, a top-down approach was performed. It consists 

of estimating a carbon budget corresponding to sequestration in forests, which can be ex-

pressed per m2 considering the annual new construction area. The GhG emissions of the 

improved building can be compared to this carbon budget, allowing us to check if the 

climate planetary boundary is respected. 

There are numerous possibilities for offsetting these emissions by sequestration, in-

cluding storage in natural ecosystems (vegetation, soil, aquatic environments). Forest se-

questration gives the possibility of replanting on the same surface and using wood as a 

low carbon construction material. Other means of in situ sequestration may also be of 

great interest, such as vertical vegetation systems (VGS) because of the limitation of exter-

nal sequestration surfaces (forests, meadows, wetlands, etc.) and the possibility of opti-

Figure 7. Life cycle GhG emissions of the improved building with a decarbonised grid scenario (after
the transition period).

3.5. Compensation by Forest Sequestration and Extrapolation to the Dwelling Stock

In order to answer the research question regarding the feasibility of reaching a net
zero GhG emission balance in a building, a top-down approach was performed. It consists
of estimating a carbon budget corresponding to sequestration in forests, which can be
expressed per m2 considering the annual new construction area. The GhG emissions of
the improved building can be compared to this carbon budget, allowing us to check if the
climate planetary boundary is respected.

There are numerous possibilities for offsetting these emissions by sequestration, in-
cluding storage in natural ecosystems (vegetation, soil, aquatic environments). Forest
sequestration gives the possibility of replanting on the same surface and using wood as a
low carbon construction material. Other means of in situ sequestration may also be of great
interest, such as vertical vegetation systems (VGS) because of the limitation of external
sequestration surfaces (forests, meadows, wetlands, etc.) and the possibility of optimizing
the use of unused building surfaces (facades, roofs, etc.) allowing carbon sequestration
while providing other positive externalities (e.g., well-being of occupants, cooling of contact
surfaces, etc.). The corresponding biomass sequestration potential has been estimated by
various studies [57–59] and varies between 0.44 and 3.18 kg CO2 eq/m2/year depending
on climate, vegetation, life cycle treatment, etc.

From the estimate of the carbon sequestration capacity of European forests given by
Lelarge and Birot [60], which is also found in the data of the National Forest Inventory in
France [61], we deduce a storage of 1680 kg C/ha/year on average, which corresponds to
6160 kg CO2 eq/ha/year in the biomass and forest soils. For this improved building with
2414 m2 of living space, the balance to be compensated for after the transition period is
13.5 t CO2 eq/year, which would correspond to the equivalent of 2.2 ha of European forest
corresponding to around 9 m2 of forest per m2 of living space.

At the scale of the French territory, the number of dwellings built annually is estimated
at 390,300 from 2000 to 2021, with an average living area of 90.9 m2 (French Data and
Statistical Studies Department [62]. The annual growth of French forests is estimated at
40,000 ha/year according to [63], which corresponds to a 246,000 ton CO2 eq./year carbon
budget considering the carbon sequestration estimate given above. If this whole budget
could be allocated to compensate for new construction impacts, this would correspond
to 7 kg CO2 eq/m2/year which is not much more than the improved building emissions.
This means that our construction standards must be radically transformed, and that other
compensation solutions must be found because new construction (which includes ter-
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tiary buildings) is yearly only 1% of the existing building stock, which produces much
higher emissions.

4. Discussion
4.1. Vertical Vegetation Systems

Another way to further reduce emissions in buildings is to use vertical vegetation
systems (VGS). Marchi et al. [58] described how they operate using a 5-step model to
achieve real carbon sequestration in the soil. A potential of 0.44 to 3.18 kg CO2 eq/m2/year
was obtained using this model. The process is as follows: plants growing in the VGS absorb
CO2 and use it to form biomass (step 1). Each year, a percentage of the plants in a VGS must
be replaced (step 2). The removed plants are sent to a composting facility (step 3). There,
some of the carbon is released in the form of CO2 (step 4). The compost is then applied
to agricultural soils, where some of the remaining carbon is absorbed by soil bacteria and
eventually sequestered in the soil (step 5). The studied building has a total exterior opaque
and unused facade area of 2069 m2, which gives a maximum sequestration potential of 910
to 6580 kg CO2 eq/year when fully vegetated. This sequestration does not take into account
all the emissions related to the life cycle of the facility but only those from the biomass, for
which it would be necessary to consider the emissions due to the fossil fuels and electricity
needed to transport the plant residues to the composting facility, the management of the
composting facility, and the transport and distribution of the compost produced to the
agricultural soil.

Pulselli et al. [57] analyzed a case study considering the production chain up to the
installation on a building facade as well as the maintenance of the VGS system and found
that these emissions over the life cycle of the installation (here 25 years) can be equivalent to
those sequestered by biomass according to the model of Marchi [58] and that it is necessary
to take a local and responsible approach to the whole life cycle chain (emissions related
to structure, transport, water and plant nutrients) in order not to release as much as the
biomass sequestration of the VGS.

4.2. Forest Management

Sustainable forest management ensures a replanting of trees, but deforestation or
overuse risk call for at least a national resource management plan of forests to ensure a
sustainable use of the resources, improve ecosystem services and forest resilience [64].
Without biogenic carbon storage, the climate change impact of the improved building after
the transition period almost reaches 8.5 kg CO2 eq/m2/yr, a 50% increase (see Figure 8,
Optimized without biogenic carbon, noted wo Cbio). Moreover, the mitigation potential
of forests can be hindered by climate change effects: increasing drought, fires, pest and
disease outbreaks, wind storm [65].

4.3. Multi-Criteria Analysis

Beyond GhG emissions, it is important to also consider other environmental impacts
in order to avoid impact shifting. Damage indicators were evaluated in this study, show-
ing an important reduction by decarbonization measures for damage to health, damage
to ecosystem and resource depletion (see Figure 8). These indicators are uncertain, and
such an evaluation should be further improved by ongoing work regarding impact assess-
ment models.

Damage to ecosystems, human health and resources are also decreasing but in a
smaller proportion than climate change. Indeed, the climate contribution is only 20.6% and
14.2% for ecosystem and health, respectively, for the optimized building against 64.4% and
45.5% for the actual building. Resource impacts are largely dominated by fossil fuels (over
80% for all cases). Increasing the use of wood increases land use impacts and increasing the
use of equipment increases mineral and metallic resource use. To prevent impact shifting, a
multi-criteria analysis must be performed.
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4.4. Circular Economy

Going further in reducing building impacts and easing the carbon offsetting effort
would induce additional contributors that were previously considered minor contributors,
such as equipment, electronics and material replacement. It would therefore be useful to
further investigate reuse and reconditioning of old equipment, longer lifetime and other
known circular economy levers. A first sensitivity analysis has been performed by increas-
ing all lifetime of equipment and finishes to 30 years, and a second analysis considered
French recycled copper for electronic manufacturing and plumbing. The results are pre-
sented in Figure 9 and show a great potential for continuing to decrease environmental
impacts of the building sector. This also calls for a better evaluation of the composition and
quantity of contributors such as equipment, electric and electronics, and plumbing. They
have been proven to become an important contributor but were previously neglected [66]
and as shown in this study, they will be the next lever to address in order to progress
toward zero carbon buildings.
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4.5. Behavioral Changes

Reducing water and electricity consumption through behavioral changes and efficient
appliances would also further contribute to decreasing remaining GhG emissions and will
have a positive effect on damage to health and ecosystems as well. It is outside the scope
of this article, but the importance of behavior in building LCA has long been proven by
previous studies, such as in Polster et al. in the 1990′s [67].

Maybe in the future, suffering hazardous conditions, humanity should consider the
decrease in life comfort, for instance:

- a radical reduction in the number of newly constructed buildings,
- increasing the density of people occupying buildings,
- accepting higher variability of air temperature indoors (using adaptive thermal com-

fort models in simulations).

4.6. Prospective Uncertainties

The study showed the possibility of reducing the emissions of new apartment build-
ings from 33 kg CO2 eq/m2/year to less than 6 kg CO2 eq/m2/year after a transition
period. Assuming that the annual growth in forestry and housing stock follows the same
trend as in previous years, emissions from new residential buildings would correspond
nearly entirely to the possibility of sequestering carbon by forest growth. There is uncer-
tainty about the evolution of these trends in the long term and, therefore, the possibility
of long-term sequestration using this method. Annual CO2 emissions from the existing
housing stock were 98 Mt CO2 eq in 2019, considering only energy related, no embodied
emissions [68] for a total of 36.6 million dwellings. To sequester these emissions by forests,
it would be necessary to cover about 16 million hectares, i.e., 95% of the French forest area
in 2019. These emissions can be considerably reduced, as shown in the case study above,
by minimizing heating needs and using RES.

Considering new dwellings to be built, it would be important to also consider the grid
decarbonization effect on the manufacture of equipment and materials to be replaced along
the life-cycle of the product. This has not been done in this project; thus, GhG emissions
from renovation are potentially over-estimated. Such calculations have been made in the
past for renewable energy technologies, showing a potentially significant effect on the
results [69]. However, the order of magnitude given in this study would probably still
hold as the French electricity grid is not carbon intensive. Such an integrated assessment is
considered to be an interesting perspective of this work.

4.7. Temptation of Hasty Electrification

Electrification is seen in the building sector as a decarbonization lever, providing that
clean power is made accessible. However, massive hasty electrification of uses, anticipating
the future provisioning of low-impact electricity, could have an adverse effect and hinder
the needed transition of the grid by unreasonably increasing the electricity demand. In this
paper, the gas boiler is replaced by a heat pump, thus leading to an increase in electricity
consumption. However, a significant effort is made to limit, at their minimum, the electricity
needs for heating (additional insulation, heat recovery on ventilation) and DHW (solar
panels). The improved building also provides renewable electricity to the grid thanks to
the PV system. Even if its production is unlikely to coincide with its consumption, it takes
part in the grid transition. This setup is thus considered to be consistent with an efficient
decarbonization of the grid by 2050.

4.8. Generalisation of the Results

The case study is specific to the French context, and numerous assumptions and
scenarios affect the results. Particularly, construction techniques, architecture, occupants’
behavior and prospective aspects (e.g., regarding the evolution of electric system) may
differ a lot in other contexts. The presented case study and corresponding results aim to
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show the possible application of the methodology, which could be used in other countries
while adapting data and scenarios appropriately.

5. Conclusions and Perspectives

Limiting global warming to 1.5 ◦C implies not exceeding the remaining carbon budget,
and therefore, designing net zero carbon buildings. An apartment building built in 2016
in France was redesigned in order to check the possibility of reaching this performance
level by lowering heating energy needs and implementing bio-sourced materials and re-
newable energy systems (geothermal heat pump, solar domestic hot water production,
and photovoltaic electricity production). GhG emissions were evaluated using life cycle
assessment, integrating energy consumption calculated using a building energy simulation.
During a transition period, exporting electricity avoids impacts corresponding to standard
production on the grid. These avoided impacts decrease and become zero when the grid is
decarbonized after the transition. At this date, the building should be net zero emissions,
but there remain emissions related, e.g., to the replacement of construction products (e.g.,
equipment, windows, painting), drinking water production and wastewater treatment.
More research is needed to better understand the amount of electric and electronic compo-
nents in buildings depending on their uses and design options. Circular economy levers
on such previously minor contributors (buildings equipment, electronics and plumbing)
should be undertaken to further decrease the impacts of buildings.

The possibility of offsetting these emissions is therefore studied, considering seques-
tration in forests or vegetation systems. A net zero emission level can be achieved if
the whole sequestration potential can be used to offset emissions by new construction.
But emissions from existing buildings correspond to the potential of the whole French
forest area, and the budget should also be shared with other sectors: transport, industry
and agriculture. It is therefore needed to radically transform our construction standards,
probably also our comfort and way of life standards, and to search for supplementary
sequestration techniques.

In perspective, it would be useful to model the building stock using dynamic LCA
and to allocate a part of the whole carbon budget to buildings in order to check if a net zero
balance can be achieved on a national level.
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