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Abstract: Establishing scientifically grounded embodied carbon limits is essential for guiding low-12 

carbon structural design and translating macro-level decarbonization targets into actionable regulatory 13 

parameters. Here we propose a dynamic, multi-factor methodology for deriving embodied carbon limits 14 

of building structures, accounting for evolving carbon budgets and shifts in their allocation to embodied 15 

carbon-related activities in regions with a transitioning construction sector. This methodology integrates 16 

top-down budget decomposition with bottom-up benchmarking to respectively determine upper and 17 

lower bounds of embodied carbon limits for new construction, renovation, and maintenance. 18 

Furthermore, multi-factor adjustments are introduced to customize limits according to building type, 19 

regulatory stringency, regional conditions, and lifecycle design requirements. The proposed 20 

methodology is demonstrated through an analysis of urban residential building structures in China from 21 

2026 to 2060, which reveals a declining trend in embodied carbon limits over time, and provides 22 

reasonable limit ranges corresponding to China’s Five-Year Plans (FYPs), e.g., 320.8–360.8 kg CO2/m2 23 

for new construction, 0.90–1.02 kg CO2/(m2·year) for maintenance, and 56.3–63.0 kg CO2/m2 for 24 

renovation during the 2026–30 FYP. The analysis also highlights the benefits of construction 25 

management in providing a buffer period for limit relaxation, examines the impact of regional 26 

disparities on carbon mitigation feasibility-based adjustments, and offers recommendations for low-27 

carbon lifecycle design to ensure compliance with mitigation targets while providing further design 28 

flexibility. 29 
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Nomenclature 33 

Abbreviations 34 

BAU Business as usual 
BFS Building floor space 
BIPV Building-integrated photovoltaics 
CV Coefficient of variation 
FYP Five-year plan 
GDP Gross domestic product 
HVAC Heating ventilation and air conditioning 
HVR Housing vacancy rate 
RN-D Renovation and demolition restriction 
RVR-D Combined implementation of HVR reduction, renovation and demolition restriction 
SSP Shared socioeconomic pathway 
URB Urban residential building 
VR HVR reduction 

 35 

Symbols 36 

A Cumulative BFS of occupied buildings during a time interval 
A0 Annual BFS of occupied buildings 
ΔA Incremental BFS demand for occupied buildings 
AB BFS of occupied buildings in the year of benchmarking 
ΔAB BFS of newly completed buildings in the year of benchmarking 
ΔAr Planned BFS of renovation 
Bc Carbon intensity benchmark for new construction 
Bm Carbon intensity benchmark for a single maintenance action 
Bm0 Average annual carbon intensity benchmark for maintenance 
Br Carbon intensity benchmark for renovation 
CC Collective carbon budget for building structures 
CG Global carbon budget 
CN National carbon budget 
CNB National carbon emissions in the year of carbon emission benchmarking 
E Embodied carbon of a proposed design 
L Embodied carbon limit 
Lc Embodied carbon limit for new construction 
LLC Lifecycle embodied carbon limit for building structure 
Lm Embodied carbon limit for a single maintenance action 
Lm0 Average annual embodied carbon limit for maintenance 
Lr Embodied carbon limit for renovation 
Nr Number of regions divided for analysis of differentiated embodied carbon limits 
Ny Number of years for a time interval 
PC China’s population 
PG Global population 
R BFS of buildings planned to be renovated 
So Annual saving of operational carbon compared to conventional practice 
Td Designed structural service life 
Tm Average maintenance cycle 
Tr Average age of buildings to be renovated 
Y0 The year since which buildings completed are available for renovation 
Yd Year of structural design 
Ye End year of a time interval 
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Ys Start year of a time interval 
aj Ratio of the mean carbon intensity benchmark of new construction in the jth region to the 

nationwide mean benchmark 
p Uniform probability of keeping structural embodied carbon below the limit across regions 
rB,j Proportion of newly completed urbs in the jth region to the national total in the year of 

benchmarking 
ri,j The share of planned new construction in the jth region relative to the total planned 

construction across all analyzed regions during the time interval i 
rn Ratio of ΔA to A 
rr Ratio of ΔAr to ΔA 
αm Ratio of the average annual carbon intensity of maintenance to the carbon intensity of 

construction 
αr Ratio of carbon intensities of renovation to new construction 
βb The status-quo share of embodied carbon from building structures in national annual carbon 

emissions 
γL Regulation-level factor 
γR Regional adjustment factor 
λf Coefficient characterizing feasibility disparities in reducing embodied carbon of new 

construction across regions 
λm Relative carbon intensity compared to the national average value due to the changes in 

construction proportions across various regions 
 37 

Subscripts 38 

i Counter for future time interval during which the annual carbon budget and embodied 
carbon limits are identical 

j Counter for regions divided for analysis of differentiated embodied carbon limits 
k The specific year corresponding to the embodied carbon limit under analysis 
q Year of completion for the buildings analyzed for renovation 
I(k) Counter for the time interval corresponding to the year k 

 39 

 40 

1. Introduction 41 

The imperative to mitigate carbon emissions has emerged as a cornerstone of global sustainable 42 

development efforts. In 2023, the building and construction sector was responsible for 39% of global 43 

energy-related carbon emissions [1], while in China, this proportion reached 48.3% in 2022 [2]. Though 44 

operational carbon currently dominates the carbon footprint of buildings, embodied carbon—associated 45 

with material production, construction, and maintenance—presents a more formidable challenge for 46 

reduction due to the relatively slow pace of technological advancements in these areas [3]. Moreover, 47 

the embodied carbon inherently from chemical reactions during material production further complicates 48 

efforts to achieve carbon neutrality in the construction sector [4]. Early-stage interventions, particularly 49 

through structural design optimization with low carbon as an objective, have been identified as a critical 50 
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lever for regulating embodied carbon [5]. However, the absence of scientifically grounded quantitative 51 

embodied carbon limit, especially in China, poses a significant barrier to aligning structural design 52 

practices with overarching carbon neutrality objectives. 53 

Existing research attempted to derive carbon emission limit of buildings through top-down and 54 

bottom-up approaches. Top-down approaches typically decompose global carbon budget first to nation-55 

specific budget, then to construction sector, and ultimately to individual buildings, where the 56 

grandfathering principle that bases budget allocations on current sectoral shares is mostly adopted [6, 57 

7]. Bottom-up approaches, on the other hand, derive the limit based on benchmark values of existing 58 

construction cases and carbon intensity reduction targets [8, 9] or best low-carbon practices [10]. 59 

Additionally, Hollberg et al. [10] have combined top-down and bottom-up information to plan a dual 60 

verification, where the former defines carbon reduction targets and the latter focuses on the feasibility 61 

of carbon reduction.  62 

While these existing methods provide foundational insights, they often rely on static assumptions, 63 

such as fixed sectoral shares in national carbon budgets and a uniform carbon limit for the same building 64 

type nationwide [6]. However, these assumptions are ill-suited to the dynamic and heterogeneous 65 

context of construction sector in developing countries with large territories, represented by China, which 66 

present temporal and spatial complexities that necessitate a more nuanced approach to embodied carbon 67 

regulation. Temporally, China’s construction boom over the past two decades has resulted in a 68 

disproportionately high share of carbon emissions [2]. As construction demand declines with the 69 

population decrease and urbanization plateau [11, 12], budget allocation based on such a high share 70 

may undermine the construction sector’s responsibility in carbon reduction. Furthermore, the transition 71 

of China’s construction sector from large-scale construction to urban renewal requires distinct embodied 72 

carbon limits for new construction and renovation to balance their emissions. Spatially, China’s vast 73 

geographic and developmental disparities contrast sharply with those of other countries focused on by 74 

relevant studies, such as Switzerland [10] and New Zealand [6], and regional variations in construction 75 

technology, energy dependency, and manufacturing carbon intensity render nationwide uniform carbon 76 

limit impractical and inequitable for China. Additionally, considering uneven decarbonization rates of 77 

embodied and operational carbon of buildings, Hollberg et al. [10] have set separate limits for embodied 78 
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and operational carbon with a fixed budget allocation, where a larger allowable proportion was specified 79 

for embodied carbon, reflecting its greater reduction difficulty. However, emerging low-carbon building 80 

technologies may achieve operational carbon reduction at the expense of increased embodied carbon 81 

during initial construction [13], which makes it necessary to establish a flexible trade-off relationship 82 

between embodied and operational carbon specific to the designed building lifecycle to provide a more 83 

adaptive approach for carbon emission management.  84 

To address the above issues, this paper proposes a multi-factor dynamic approach for deriving 85 

embodied carbon limit of building structures focusing on two key points: (1) integrating top-down 86 

decomposition and bottom-up benchmarking to project the dynamic upper and lower bounds of 87 

embodied carbon limit based on the national carbon mitigation roadmap and building stock dynamics 88 

(Section 2); (2) incorporating adjustment factors of embodied carbon limit accounting for building type, 89 

carbon regulation level, regional disparities, and tradeoffs within the life cycle of a designed individual 90 

structure (Section 3). Then, the feasibility of the proposed approach will be demonstrated through an 91 

illustrative analysis in the context of China (Section 4), which aims to provide scientifically robust, 92 

regionally sensitive, and dynamically adaptable embodied carbon limit, thereby enabling low-carbon 93 

structural design and advancing China’s carbon neutrality goals (Fig. 1). 94 

   95 
Fig. 1. Framework of dynamic multi-factor approach for deriving embodied carbon limit of building 96 
structures. Note: F1–F4 denote the four adjustment factors to be proposed; the dashed lines and boxes 97 
imply the optional steps according to the data availability or design requirement. 98 
 99 

2 Dynamic bounds for embodied carbon limit 100 

2.1 Scope of embodied carbon limit 101 

The embodied carbon limit serves as a verification criterion for low-carbon structural design, indicating 102 

the extent to which structural embodied carbon needs to be reduced to qualify as low-carbon. 103 

Specifically, it defines the maximum allowable embodied carbon for building structures to meet both 104 
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usage demands and carbon reduction targets from a macro perspective. In standard practice of low-105 

carbon structural design, the embodied carbon (E) of a proposed design is assessed and compared 106 

against the predetermined embodied carbon limit (L), with the objective of ensuring that E ≤ L, or that 107 

the probability of E ≤ L is sufficiently high, thereby ensuring that structural designs align with macro-108 

level carbon reduction targets. This study is exclusively concerned with the determination of embodied 109 

carbon limits, which is based on unit building floor space (BFS), in line with the approach adopted by 110 

most existing studies [6, 7, 14, 15]. The assessment or optimization of specific low-carbon structural 111 

designs falls outside the scope of this study. 112 

Ensuring the safe service of building structures requires coordinated efforts across multiple sectors, 113 

e.g., the production of building materials in the manufacturing sector, the transportation of materials 114 

and products in the transportation sector, the construction activities in the construction sector, etc. [16] 115 

The embodied carbon associated with structural lifecycles, although originating from various sectors, 116 

can be collectively regulated through changes in design parameters in structural design. Since the 117 

embodied carbon limit is intended to guide carbon regulation in structural design, at the sector level, 118 

we define the collective carbon budget, which is an intermediate variable for deriving the embodied 119 

carbon limit, specifically as the holistic limit for embodied carbon linked to the lifecycle processes of 120 

overall building demands, rather than adopting a definition based on economic sectors. 121 

Meanwhile, for an individual building structure, its lifecycle carbon budget is shared by various 122 

stages, which can be categorized by purpose into initial construction and subsequent maintenance 123 

activities. Additionally, with the promotion of the circular economy and sustainable technologies, the 124 

renovation of existing buildings is expected to become an increasingly significant means of meeting 125 

new building demand, replacing new construction [17]. Therefore, we distinguish embodied carbon 126 

limits for construction, renovation, and maintenance, given the substantial differences in their 127 

conditions, objectives, and embodied carbon characteristics. The combination of limits for 128 

construction/renovation and maintenance can then be applied to structural lifecycle design (see Section 129 

3.4). 130 

Unlike conventional cradle-to-gate life cycle assessments, which separately analyze end-of-life and 131 

recycling processes (e.g., EN 15804 [18]), we propose integrating the embodied carbon from demolition 132 
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and recycling into their subsequent construction, renovation, or maintenance stages for calculation and 133 

verification. This approach is justified by:  134 

(1) In urbanized areas, especially where low-carbon design is prioritized, construction often involves 135 

demolishing existing structures rather than developing greenfield sites. Since most demolished old 136 

structures were built without carbon management, attributing real-world demolition emissions to 137 

current projects ensures these emissions are properly accounted for and regulated.  138 

(2) Isolating end-of-life embodied carbon disrupts integrated decision-making between demolition 139 

and reconstruction, particularly regarding recycled materials [19].  140 

(3) Conventional life cycle assessments project demolition far into the future, making accurate 141 

estimation difficult due to evolving technologies and management. Adjusting the structural lifecycle to 142 

span from prior demolition to the end of service of the designed structure enables more effective carbon 143 

management under current regulations. 144 

(4) End-of-life embodied carbon represents a small fraction of total lifecycle emissions [20], and the 145 

end-of-life processes of existing structures required for renovation differ markedly from those for 146 

traditional construction. Establishing separate limits for the end-of-life stage could unnecessarily 147 

complicate low-carbon design verification. 148 

The decomposition of global/national decarbonization targets into structural embodied carbon limits 149 

is critically contingent upon effort-sharing principles [14, 21]. To establish scientifically robust 150 

thresholds, we first evaluate their theoretical upper and lower bounds through top-down and bottom-up 151 

analytical frameworks. These bounds subsequently inform the determination of context-specific 152 

embodied carbon limit for low-carbon structural design, calibrated to the construction sector’s carbon 153 

regulation stringency (Section 3.1). 154 

 155 

2.2 Embodied carbon limits for renovation and maintenance 156 

To ensure scenario consistency in the generation and application of embodied carbon limits across 157 

different activities, this study formulates the limits for renovation and maintenance activities using 158 

conversion parameters relative to the limit for new construction. 159 

The ratio of carbon intensities of renovation to new construction during the time interval i (αr,i) is 160 
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defined to characterize the typical carbon emission level of renovation. Due to the limited carbon 161 

emission data for emerging building renovation practices, setting this ratio based on benchmarks is 162 

challenging. According to Gao et al. [22], based on a review of carbon emissions from building 163 

refurbishment, the expected ratio of carbon emissions from refurbishment to those from material 164 

production, transportation and construction was assumed to be proportional to the designed service life 165 

of the building, with a coefficient of 0.5% per year. This study adopts this assumption and uses the 166 

average age of renovated buildings as a proxy to replace the aforementioned designed service life. In 167 

this way, the coefficient αr,i is calculated by, 168 
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where αr,k is the ratio of carbon intensities of renovation to new construction in the year k, and Rk is the 170 

estimated total BFS of buildings renovated in the year k; Yi
s and Yi

e are the start and end year of the time 171 

interval i, respectively; Tr,k is the average age of buildings renovated in the year k; Rk,q is the estimated 172 

BFS of buildings completed in the year q and renovated in the year k; Y0 is the year since which buildings 173 

completed are available for renovation. The coefficient αr,i enables the derivation of the embodied 174 

carbon limit for renovation per unit BFS (Lr,i) from that for new construction per unit BFS (Lc,i), i.e., 175 

r, r, c,i i iL Lα=                                   (2) 176 

Our previous study [17] has justified that such estimations tend to overestimate the carbon emissions 177 

of renovation projects, which may further lead to relatively high embodied carbon limit for renovation. 178 

Nevertheless, this could make the design of renovation projects more feasible, encouraging greater 179 

adoption of this resource-efficient, low-carbon way of supplying new buildings. 180 

Regarding maintenance activities, there are significant individual differences among occupied 181 

building structures, such as variations in completion years and material types. Consequently, the timing 182 

and frequency of maintenance—which involves interventions with various materials and equipment—183 

can be intricate [23].  Even for the same structural design, different design schemes may result in 184 

different maintenance schedules. Determining embodied carbon limit based on the specific maintenance 185 
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schedules would require iterative updates between the design scheme and the embodied carbon limit, 186 

unnecessarily complicating the low-carbon structural design process. This is especially true given that 187 

the timing of maintenance is inherently uncertain and may be performed as needed rather than strictly 188 

following a predetermined schedule. 189 

The embodied carbon limit is intended to be applied at a broad scale, where a large number of 190 

different building structures undergo various maintenance activities each year, and the annual 191 

maintenance-related carbon emissions of the building stock do not exhibit the pronounced fluctuations 192 

seen in single-building analyses. Therefore, from the perspective of fairness in carbon reduction among 193 

structures, we propose specifying the same maintenance carbon emission limit for all occupied 194 

structures each year. This establishes the average annual embodied carbon limit for maintenance (i.e., 195 

Lm0,i for occupied building structures within time interval i; unit: kg CO2/(m2·year)] as a characteristic 196 

value for constraining maintenance emissions, as defined by: 197 

m, m,
m0, c, m, c,

m, c, m,

i i
i i i i

i i i

L L
L L L

T L T
α= = ⋅ = ⋅                        (3) 198 

where Lm,i is the embodied carbon limit (unit: kg CO2/m2) for a single maintenance action during the 199 

time interval i; Tm,i is the average maintenance cycle (unit: year) during the time interval i; αm,i is the 200 

ratio of the average annual carbon intensity of maintenance to the carbon intensity of construction (unit: 201 

year-1) during the time interval i, which can be estimated as: 202 

m,
m,

c, m,

i
i

i i

B
B T

α ≈                                   (4) 203 

where m,iB   and c,iB   represent the mean carbon intensity benchmarks for maintenance and 204 

construction, respectively (unit: kg CO₂/m2), which are referenced in determining embodied carbon 205 

limits during time interval i. This defined limit Lm0,i facilitates top-down decomposition of carbon 206 

budget (Section 2.3) and can be conveniently used to generate the lifecycle embodied carbon limit for 207 

individual structures based on the specified design service life (Section 3.4), as well as the maintenance 208 

embodied carbon limit when the actual maintenance cycle is known (Section 5.1). 209 

 210 
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2.3 Top-down decomposition – upper bound 211 

To translate the macro-level carbon budget into regulatory limit in low-carbon structural design, we 212 

propose a two-level top-down decomposition approach, which accounts for disparities across different 213 

sectors or activities.  214 

The first level decomposes the national carbon budget into the collective budget of building structures 215 

defined in Section 2.1. In the absence of officially released, sector-specific carbon budgets for 216 

construction in many countries/regions, the grandfathering principle, which is commonly used in 217 

developed countries to allocate carbon budgets based on historical/current shares [6, 7], is adopted for 218 

reference. The collective carbon budget is subsequently calculated by, 219 

C, b N,i iC Cβ= ⋅                                   (5) 220 

where CN,i and CC,i are respectively the national carbon budget and the collective carbon budget for 221 

building structures during the same time interval i; βb represents the status-quo share of embodied 222 

carbon from building structures in national annual carbon emissions. Against the backdrop of shrinking 223 

construction demands, e.g. the transitioning construction sector in China [24], the grandfathering 224 

principle would provide an upper bound, rather than an appropriate value, for the collective carbon 225 

budget of building structures. 226 

 227 
Fig. 2. Temporal and spatial mismatch between the collective carbon budget and the lifecycle embodied 228 
carbon of different case building structures (adapted from Habert et al. [14]). Note: FYP denotes a Five-229 
Year Plan; when urban renewal becomes the dominant paradigm of construction sector, the beginning 230 
of a building life cycle can be considered as the demolition/recycling of old buildings, as per our 231 
previous study [19]. 232 
 233 

The second level breaks down the collective carbon budget at the sector level into embodied carbon 234 

limits for individual structures. Embodied carbon from construction or renovation are typically 235 
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concentrated within a few years and usually occur immediately after design (Fig. 2). Therefore, the 236 

embodied carbon limit of construction/renovation for low-carbon structural design can be directly 237 

derived from the collective carbon budget corresponding to the time interval in which construction or 238 

renovation takes place. Within the time interval i, the ratio of the share of the collective carbon budget 239 

allocated to renovation versus the share allocated to new construction is: 240 

( ) ( )
r, r, r, r, r, r,

r,c, r, c, r, 11
i i i i i i i

ii i i i i i

L A L r A r
rL A A L r A

α⋅∆ ⋅ ∆
= =

−⋅ ∆ − ∆ ⋅ − ∆
                    (6) 241 

where rr,i is the proportion of planned BFS of renovation (ΔAr,i) in the incremental BFS demand for 242 

occupied buildings (ΔAi) during the time interval i, i.e., rr,i = ΔAr,i / ΔAi. 243 

In contrast, maintenance emissions may occur at multiple time points across extended periods, 244 

creating a challenge in estimating the quantity of maintenance activities that fall within a specific time 245 

interval of collective carbon budget. Since collective carbon budgets focus on the spatial aggregation 246 

of allowable emissions across multiple structures over short-term periods (e.g., annually or every five 247 

years), whereas embodied carbon limits address the temporal accumulation of emissions over a decade-248 

long structural lifecycle (as illustrated in Fig. 2), it is difficult to determine how much of the collective 249 

carbon budget should be allocated to the embodied carbon limit for maintenance. To address this issue, 250 

we introduce the following assumption: the proportion of occupied building structures requiring 251 

maintenance each year is considered equivalent to the average annual structural maintenance frequency. 252 

Accordingly, within the time interval i, the ratio of the share of the collective carbon budget allocated 253 

to maintenance versus the share allocated to new construction is: 254 

( ) ( ) ( ) ( )

e

s
m, 0,

m, m, m,
m,

c, m, n,c, r, r, r, n, r,

1
1 1 1

1 1 1 1
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L T A rL r A r r r r
α

α=

 
⋅ ⋅  

  = ⋅ ⋅ = ⋅ ⋅ =
∆⋅ − ∆ − − −

∑
         (7) 255 

where A0,k is the annual BFS of occupied buildings in year k within the time interval i, estimated based 256 

on building stock dynamics; Ai is the cumulative BFS of occupied buildings within the time interval i; 257 

rn,i is the ratio of incremental BFS demand (ΔAi) to the cumulative BFS of occupied buildings (Ai) 258 

within the time interval i, calculated as rn,i = ΔAi/Ai.  259 

Then, the annual collective carbon budget can be decomposed into the three primary activities in 260 
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construction sector, i.e., new construction, renovation and maintenance, expressed by, 261 

( ) ( ) ( )r, r, m,U U
C, c, r, r, n, r, n, r, m, c,

r, n, r,

1 1 1
1 1

i i i
i i i i i i i i i i i i

i i i

r
C L r A r r r r A L

r r r
α α

α α
 

 = ⋅ − ∆ ⋅ + + = − + + ⋅ ⋅   − −  
     (8) 262 

where LU
c,i represents the upper bound of embodied carbon limit for new construction per unit BFS 263 

during the time interval i, calculated by, 264 

( )
C,U

c,
r, n, r, n, r, m,1

i
i

i i i i i i i

C
L

r r r r Aα α
=
 − + + ⋅ 

                       (9) 265 

Based on the value of LU
c,i, the upper bounds of embodied carbon limits for renovation (LU

r,i) and 266 

maintenance (LU
m0,i) can be derived using Eqs. (2)&(3). 267 

It should be noted that although the global carbon budget until carbon neutrality is achieved is widely 268 

referenced in research [25], setting a uniform embodied carbon limit for structural design over such a 269 

long period would make the short-term limit control hard to achieve while potentially leaving 270 

excessively loose limits for future reductions, given the anticipated technological advancements. The 271 

practice in the UK, and likely in China, of setting national carbon budgets on a five-year cycle alleviates 272 

this issue [26, 27]. By focusing on short time intervals, the derived embodied carbon limit becomes 273 

more representative, owing to smaller technological fluctuations, ensuring that embodied carbon limits 274 

remain aligned with evolving policies and societal transformation pathways.  275 

 276 

2.4 Bottom-up benchmarking – lower bound 277 

The bottom-up approach derives embodied carbon limits by discounting current carbon intensity 278 

benchmarks according to targeted carbon intensity reduction ratios [9]. However, sector-specific carbon 279 

reduction targets for building structures remain absent in most regions. Building construction is 280 

inherently carbon-intensive—in China, for example, carbon emissions from building construction 281 

accounted for 26.6% of the country’s total carbon emissions in 2022 [2], significantly exceeding the 282 

combined value-added contribution of the construction and real estate sectors to GDP (12.8% [24]). 283 

Moreover, the decarbonization rate of building construction is generally expected to be slower than the 284 

societal average [28]. Therefore, aligning the reduction rate of embodied carbon intensity (using mean 285 
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carbon intensity benchmarks as the average-level regulatory reference [29]) with the targeted national 286 

carbon budget reduction rate provides a lower bound for embodied carbon limits, with the value for 287 

new construction given by: 288 

N, y,L
c, c,

NB,

/i i
i i

i

C N
L B

C
= ⋅                                (10) 289 

where LL
c,i is the lower bound of embodied carbon limit for new construction per unit BFS during the 290 

time interval i; Ni is the number of years for the time interval i; CNB,i represents the national carbon 291 

emissions in the year of carbon intensity benchmarking for c,iB .  292 

Based on the value of LL
c,i, the lower bounds of embodied carbon limits for renovation (LL

r,i) and 293 

maintenance (LL
m0,i) can be derived using Eqs. (2)&(3). The lower bound of the embodied carbon 294 

limits presented here reflects the minimum estimate of allowable average carbon intensity for structures 295 

within a group, but not the minimum achievable carbon intensity for any individual low-carbon 296 

structural design case. 297 

 298 

3 Multi-factor adjustments for embodied carbon limit 299 

3.1 Building type-specific embodied carbon limit 300 

Disparities in socioeconomic development can lead to varying demands for different building types, 301 

such as urban residential, rural residential, and public buildings, as noted in [28, 30, 31]. Additionally, 302 

the carbon intensities associated with the construction/maintenance of these building types also vary 303 

significantly [2, 28]. Given these differences, instead of applying a uniform embodied carbon limit 304 

across all building types, it is advisable to incorporate building type-specific parameters or benchmarks 305 

when determining embodied carbon limit, based on the approach we proposed earlier. 306 

It should be noted that the classification of building types concerned here corresponds to different 307 

usage needs and is demand-driven. Differentiated embodied carbon limits across structural types (such 308 

as concrete, steel, or hybrid structures) are not imperative, as optimal structural types can be adaptively 309 

selected through low-carbon structural design to comply with the embodied carbon limit for the 310 

specified building type of demand. 311 
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3.2 Carbon regulation level for construction sector 312 

As illustrated by Eq. (5), given the national carbon budget, modifying βb allows for adjusting the 313 

regulation level of embodied carbon of buildings relative to other sectors/activities. In Section 2, the 314 

upper bound is derived under the assumption that βb remains unchanged at its current/historical value, 315 

while for the lower bound, the construction sector’s share in the carbon budget inherently decreases in 316 

proportion to the changes in demands of construction or maintenance activities. Thereby, by 317 

allowing βb to vary between these two assumptions, the embodied carbon limit can be adjusted between 318 

its upper and lower bounds. For simplified tuning, a regulation-level factor (γL) is proposed to derive 319 

embodied carbon limit that interpolates between its upper and lower bounds, i.e., 320 

( )U L
c, L c, L c,1i i iL L Lγ γ= + −                           (11) 321 

Then, the embodied carbon limits for renovation (Lr,i) and maintenance (Lm0,i) can also be derived using 322 

Eqs. (2)&(3). This flexible adjustment ensures that the carbon emission targets for the construction 323 

sector remain adaptable to both national carbon mitigation goals and the specific regulation level of the 324 

construction sector. A special case arises when the value of LU
c,i obtained from Eq. (9) is lower than 325 

LL
c,i from Eq. (10), indicating a growing demand for new construction. In such cases, βb should be 326 

redetermined with a comprehensive assessment of local development needs rather than following the 327 

grandfathering-based approach. 328 

 329 

3.3 Adjustments accounting for regional disparities 330 

Due to uneven regional development, significant disparities exist in construction technology levels, 331 

energy dependency, and carbon intensity in manufacturing supply chains [14, 32, 33]. These disparities 332 

result in varying carbon intensity benchmarks and divergent feasibility in achieving carbon reduction 333 

targets. While setting region-specific limits based on localized data (as outlined in Section 3.1) remains 334 

a viable approach, it is critical to recognize that spatial and typological variations in embodied carbon 335 

intensity distributions—modeled here as probabilistic variables—may lead to disparate feasibility in 336 

achieving the same carbon emission level. By using benchmark percentiles representing optimal low-337 

carbon practices, feasibility-related information can be integrated into analysis to address this 338 
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heterogeneity [10]. 339 

Thereby, we propose the following regional adjustment approach to derive region-specific embodied 340 

carbon limits based on the national average limit. Firstly, a uniform probability of keeping structural 341 

embodied carbon below the limit is assumed for each region. Then, the average carbon intensity derived 342 

from the combination of all analyzed regions is calibrated to align with the national average embodied 343 

carbon limit. Taking the embodied carbon limit for new construction as an example, the mentioned 344 

uniform probability (p) is determined by solving the following equation, 345 

( )
r

c,

1
c, ,

1
j

N

i i j B
j

L r F p−

=

=∑                                 (12) 346 

where Nr represents the number of regions divided for analysis of differentiated embodied carbon limits; 347 

ri,j denotes the share of planned new construction in the jth region relative to the total planned 348 

construction across all analyzed regions during the time interval i; Bc,j is the random variable 349 

representing the carbon intensity benchmark for new construction in the jth region, and ( )
c,

1
jBF p−  is its 350 

inverse cumulative probability function. The solved value of p also represents the percentage of 351 

construction practices that satisfy the embodied carbon limit. Then, the regional adjustment factor for 352 

the jth region during the time interval i (γR,i,j) is evaluated by, 353 

( )
c,

1
R, , c,/

ji j B iF p Lγ −=                                 (13) 354 

while the corresponding embodied carbon limit for new construction in the jth region during the time 355 

interval i (Lc,i,j) is calculated by, 356 

c, , R, , c,i j i j iL Lγ=                                   (14) 357 

The above approach also applies to the adjustment of regional embodied carbon limits for renovation 358 

or maintenance (i.e., Lr,i,j and Lm0,i,j), when the carbon intensity benchmarks in Eqs. (12)&(13) are 359 

changed to those for renovation or maintenance (Br, Bm0). 360 

 361 

3.4 Tradeoffs within life cycle of individual structures 362 

The annual embodied carbon limits for new construction, renovation, and maintenance of building 363 

structures derived above can serve as benchmarks for carbon emissions in corresponding activities 364 
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within specified time intervals (typically 5-year-long). Even for activities spanning different time 365 

intervals, the average limit over the activity period or the stricter limit at the end year of the activity can 366 

be applied. However, the separate verifications of construction/renovation and maintenance for an 367 

individual structure may limit the flexibility of carbon reduction strategies across the life cycle of a 368 

structure.  369 

Emerging integrated lifecycle design of structures renders the interactions among the embodied 370 

carbon of construction/renovation and maintenance activities, as well as the operational carbon, 371 

increasingly relevant. For instance, durability improvement designs may use high-durability but 372 

intensive-carbon-emission materials during construction/renovation to reduce future maintenance needs 373 

[34]. Besides, structure-function integrated design approaches, such as insulated structural wall panels 374 

[35], passive building systems [36], building-integrated photovoltaics (BIPV) [37], and optimized 375 

heating ventilation and air conditioning (HVAC) design [13] may increase embodied carbon during 376 

construction/renovation but significantly reduce operational energy use. Such tradeoffs are particularly 377 

relevant in the context of building renovation, where energy-efficient retrofits with additional carbon 378 

emissions play a critical role in avoiding carbon lock-in during operation [38]. These cases could reduce 379 

lifecycle carbon emissions at the expense of increased construction/renovation carbon emissions. 380 

Thereby, to promote forward-looking lifecycle carbon reduction, low-carbon structural design needs to 381 

allow flexibility in adjusting embodied carbon across multiple stages and coordinating it with 382 

operational carbon [13]. Such tradeoffs are feasible to align with the control of total carbon budget, and 383 

the lifecycle embodied carbon limit for an individual structure is determined by, 384 

( )( )

( )( )

d d

d

d d

d

LC, , c, , o,m0, ,

LC, , r, , o,m0, ,

for new construction

for renovation

Y T

i j i j kI k j
k Y

Y T

i j i j kI k j
k Y

L L L S

L L L S

+

=

+

=


= + +



 = + +

∑

∑
             (15) 385 

where LLC,i,j is the lifecycle embodied carbon limit for the building structure in the jth region designed 386 

during the time interval i; Yd is the year of structural design, and Td is the designed structural service 387 

life; I(k) represent the time interval corresponding to the year k; So,k is the annual saving of operational 388 

carbon compared to conventional practice in the year k. 389 
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 390 
Fig. 3. Workflow for determining the lifecycle embodied carbon limit. 391 

 392 
To verify the embodied carbon of an individual structure in lifecycle design, the corresponding 393 

lifecycle limit, LLC,i,j, can be determined using the workflow shown in Fig. 3. A lifecycle design scheme 394 

can satisfy the low-carbon requirement with a temporal profile of embodied carbon that is flexibly 395 

adjusted to specific project conditions, provided that its lifecycle cumulative value remains below LLC,i,j. 396 

The rationale for this verification, which ensures that the design scheme achieves climate change 397 

mitigation benefits comparable to those required by the embodied carbon limit, is that the overall impact 398 

of carbon emissions on climate change is determined by their cumulative total. Moreover, for CO2 399 

emissions (the greenhouse gas category of primary concern in this study), within a typical decade-long 400 

structural lifecycle, the differences in their long-term climate change impacts (e.g., over several 401 

centuries) resulting from variations in emission timing are minimal [39, 40]. For the implementation of 402 

structures designed with a lifecycle perspective, their carbon emissions at each stage—403 

construction/renovation, maintenance, and operation—should be controlled based on design-phase 404 

projected carbon emissions, instead of the general limits derived in previous sections. 405 

It should be noted that while a comprehensive low-carbon design integrating both embodied and 406 

operational carbon is ideal, practical considerations such as data quality and design feasibility may limit 407 

its application. Careful assessment and reliable justification of potential operational carbon reductions 408 

are essential before introducing So,k to adjust the embodied carbon limit, as the cumulative operational 409 

carbon over multiple years of service can be substantial compared to the magnitude of embodied carbon 410 

limit. Misusing the tradeoffs could undermine the effectiveness of regulation based on the embodied 411 

carbon limit. 412 

Moreover, the choice between using a lifecycle carbon limit or separate limits for different activities 413 
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for low-carbon verification depends on the degree of task separation in structural design. When 414 

structural designs significantly influence operational energy use or involve unconventional maintenance 415 

measures, the former choice is recommended. Otherwise, if construction/renovation and subsequent 416 

maintenance activities are independently designed, and the structure has minimal impact on operational 417 

energy use, applying separate embodied carbon limit for each activity type is more straightforward, 418 

which essentially presumes conventional carbon emission proportions among different activities. 419 

 420 

4. Illustrative analysis for deriving embodied carbon limit 421 

This illustrative analysis takes China as an example to demonstrate how the proposed methodology can 422 

be applied to derive embodied carbon limits that are tailored to regional characteristics, building types, 423 

and design verification requirements. 424 

4.1 Scenarios for illustrative analysis on urban residential buildings in China 425 

Since the Chinese government has not yet released authoritative national carbon budgets, to start top-426 

down decomposition, this analysis temporarily allocates the remaining global carbon budget based on 427 

cumulative population, as suggested by [6], i.e., 428 

2060
C

2023
N G 2060

G

2023

k
k

k
k

P
C C

P

=

=

= ×
∑

∑
                                (16) 429 

where CG and CN are respectively the global and national total carbon budget until carbon neutrality is 430 

achieved; PC
k and PG

k represent China’s population and global population in the year k, respectively. 431 

Inferring from IPCC [25], Jiang et al. [12] and Our World in Data [41], CN for China that is compatible 432 

with 2℃ climate target is estimated to be 165.112 billion t CO2 (Supplementary Data 1).  433 

China’s construction sector, characterized by decreasing demand and an ongoing transition to low-434 

carbon technologies, already presents significant opportunities for carbon reduction. To anticipate this 435 

decreasing trend in embodied carbon limits, we make the following assumptions regarding the temporal 436 

variation of the national carbon budget used for limit determination: (1) the budget value decreases 437 

annually from the 2023 value to zero by the target year of carbon neutrality in China (i.e., 2060); (2) 438 
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the reduction rate decreases annually to zero by 2060 due to the increasing marginal difficulty in carbon 439 

reduction as emission levels decline; (3) the sum of budget values over 2023-2060 equals the national 440 

total carbon budget derived by Eq. (16). A cubic function is then used to approximate the pathway of 441 

national carbon budget. Based on the expected carbon budget and its 5-year cycle management mode, 442 

annual carbon budgets from 2026 to 2060 are generated by averaging values over each 5-year period, 443 

as shown in Fig. 4. 444 

 445 
Fig. 4. Tentative national carbon budget for China used to estimate the collective carbon budget of 446 
building structures. 447 
 448 

It should be noted that the national carbon budget (CN) derived above is a hypothetical value intended 449 

solely for this illustrative analysis in generating the collective carbon budget for building structures. 450 

Such a global carbon budget allocation principle could otherwise be unfair to developing countries 451 

considering the regional divergence in historical carbon emissions, as well as the essential development 452 

needs for emerging countries [42, 43]. Moreover, this hypothetical temporal variation in the budget may 453 

not reflect the actual near-term trajectory of China’s national emissions, which may continue rising until 454 

peaking before 2030 [27]. 455 

Leveraging available carbon emission data specific to urban residential buildings (URBs) reported in  456 

CABEE [2] and URB stock dynamics modeling results obtained in our prior study [17], we here conduct 457 

an illustrative analysis focusing on China’s URBs, as explained in Section 3.1. According to CABEE 458 

[2], the newly completed BFS of URBs in China in 2022 reached 1,873 million m2, with associated 459 

embodied carbon amounting to 756 million t CO₂. This yields a national average embodied carbon 460 

intensity benchmark of 403.6 kg CO₂/m² for 2022 construction practices (i.e., cB  = 403.6 kg CO₂/m²).  461 

Besides, through a review of existing case studies on carbon emissions of construction and 462 
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maintenance (Supplementary Data 2), the current value of αm,i is estimated to be about 0.3% year-1. 463 

Taking into account the contributions of new building construction and existing building maintenance 464 

to the collective embodied carbon of URBs, while ignoring the contribution of current limited 465 

renovation projects, the current value of βb for URBs in China, as introduced in Eq. (5), is calculated 466 

as, 467 

c B m c B
b

NB

B A B A
C
αβ ∆ +

=                               (17) 468 

where ΔAB and AB are the BFS of newly completed URBs and occupied URBs in China for 469 

benchmarking in 2022, respectively estimated to be 1,873 million m2 [2] and 29,790 million m2 [17]; 470 

CNB is the national carbon emissions in China in 2022, i.e., 12,527 million t CO2 as per World Bank 471 

Group [44]. Thereby, βb is estimated to be 6.32%. 472 

For demonstrative purposes, we analyze four possible construction management scenarios for 473 

construction sector in China (Table 1), focusing on two feasible management strategies in China’s 474 

construction sector, i.e., housing vacancy rate (HVR) reduction (demand-side mitigation) and 475 

renovation of existing buildings to replace new construction (supply-side mitigation). The results of 476 

URB stock dynamics from our prior study [17] are used for this analysis, which involve annual estimates 477 

of new construction, occupied RBs, and possible renovation, as well as the average age of buildings to 478 

be renovated, and the source data are presented in Supplementary Data 3. 479 

 480 
Table 1 481 
Possible construction management scenarios in China for analysis. 482 
Scenario Management strategy Construction / renovation Occupied RBs 
BAU Business as usual (no HVR change & 

no renovation) 
Fig. 5(a) Fig. 5(e) 

VR HVR reduction Fig. 5(b) 
RN-D Renovation and demolition restriction Fig. 5(c) 
RVR-D HVR reduction + Renovation and 

demolition restriction 
Fig. 5(d) 

Note: (1) HVR represents the housing vacancy rate of URBs in China, which exceeded 30% in 2022 483 
[17]; (2) For HVR reduction strategy, HVR is expected to be reduced to 10% by 2060; while for 484 
renovation and demolition restriction, the demolition ratio and renovation rate of reusable URBs is 485 
respectively planned to be decreased to 20% and increased to 50% by 2060. (3) Building lifespan 486 
extension is excluded from this analysis for two reasons: i) Quantifying and regulating lifespan 487 
extension is less intuitive compared to measurable interventions like HVR and renovation rate; ii) 488 
reusing existing URBs through HVR reduction, renovation and demolition restriction inherently 489 
achieves building lifespan extension synergistically. 490 
 491 
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 492 
Fig. 5. Annual BFS of new construction, renovation and occupied URBs for different construction 493 
management scenarios. (a) BAU, (b) VR, (c) RN-D, (d) RVR-D, and (e) occupied URBs for all 494 
analyzed scenarios. Note: The presented results used for analysis correspond to the Shared 495 
Socioeconomic Pathway (SSP) 1 – Sustainability, which aligns with the 2°C-compatible global carbon 496 
budget underlying the embodied carbon limit derived in this illustrative analysis. Details on the stock 497 
dynamics modeling used to generate the presented data are available in our published work [17]. 498 
 499 

The above input data reflect the current status of embodied carbon in China’s URBs and are suitable 500 

for deriving short-term limits (e.g., for the 2026–30 FYP). For long-term projections, updated input data 501 

for future conditions are recommended but currently unavailable. Therefore, this illustrative analysis 502 

uses existing data to demonstrate the derivation of embodied carbon limits for 2026–2060. Sensitivity 503 

analyses on the carbon budget and αm,i are then conducted to assess the robustness of the results. 504 

 505 

4.2 Ranges of embodied carbon limit for residential buildings 506 

The embodied carbon limit derived by the proposed methodology maintains a downward trend, 507 

indicating increasingly stringent carbon reduction requirements, until the target of net zero carbon 508 

emissions is achieved by 2060 [Fig. 6(a)]. Since the bottom-up approach inherently decouples the lower 509 

bound of embodied carbon limit from building stock dynamics, the lower bounds corresponding to 510 

different construction management scenarios always remain the same, [Fig. 6(a)], while the share of 511 

the collective carbon budget in the national carbon budget corresponding to the lower bounds varies 512 

proportionally with the changes in construction/renovation demands [Fig. 6(b)]. In contrast, with a 513 
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constant value of βb [Fig. 6(b)], the upper bound of embodied carbon limit is scenario-dependent, where 514 

reductions of construction activities or their replacement with less carbon-intensive renovation activities 515 

allow for increases in the embodied carbon limit for construction activities [Fig. 6(a)]. Specifically, 516 

reducing HVR alleviates the immediate pressure to cut carbon emissions from construction activities, 517 

while the limit relaxation achieved through renovation is relatively modest in the near term. When 518 

approaching 2060, avoiding large-scale demolitions and promoting renovation of existing URBs can 519 

effectively ease the pressure of carbon reduction efforts. Moreover, synergistic application of HVR 520 

reduction, renovation and demolition restriction would more effectively enhance the embodied carbon 521 

limit for new construction and maintenance [Fig. 6(a)]. 522 

 523 
Fig. 6. Embodied carbon limits for new construction and maintenance. (a) Upper and lower bounds, as 524 
well as results for moderate level of regulation for different construction management scenarios; (b) 525 
values of βb. Note: the upper and lower limits of error bars correspond to the upper and lower bounds 526 
of embodied carbon limits, while the bars in subfigure (a) and lines in subfigure (b) correspond to the 527 
average values of the upper and lower bounds, representing a moderate level of regulation. 528 
 529 

For the 2026-30 FYP, due to the notable anticipated decrease in national carbon budget (Fig. 4), the 530 

upper bound of the embodied carbon limit for new construction could be low without effective 531 

construction management. For example, the upper bound under the BAU scenario is estimated to be 532 

341.6 kg CO2/m², representing a 15.3% reduction compared to the benchmark in 2022 [Fig. 6(a)]. 533 

However, if HVR reduction, renovation and demolition restriction are implemented, the significant 534 

reduction in construction activities could result in the upper bound of the embodied carbon limit for 535 

new construction (i.e., 421.5 kg CO2/m²) exceeding the benchmark value in 2022 [Fig. 6(a)]. This 536 

implies that the macroscopic construction management could provide buffer time for the widespread 537 
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application of low-carbon technologies in structural design. Nevertheless, adopting such a high limit 538 

might squander the carbon reduction benefits achieved through stringent management of construction 539 

activities, hindering carbon reduction advocacy in structural design, which represents a major drawback 540 

of the recommended limit values in our previously published paper [45]. Therefore, this study 541 

introduces the regulation level adjustment between the upper and lower bounds of embodied carbon 542 

limit to overcome this drawback. With the lower bound estimated as 300.1 kg CO2/m2, the embodied 543 

carbon limit for new construction during 2026-2030 with a moderate level of regulation is evaluated to 544 

range between 320.8–360.8 kg CO2/m² depending on the construction management strategy [Fig. 6(a)], 545 

while the corresponding reductions compared to the 2022 benchmark vary between 10.6% and 20.5%. 546 

 547 
Fig. 7. Embodied carbon limit for renovation. Note: the upper and lower limits of error bars represent 548 
the upper and lower bounds of embodied carbon limit, while the bars represent the average values of 549 
the upper and lower bounds, corresponding to a moderate level of regulation. 550 
 551 

According to Eq. (3), the embodied carbon limit for maintenance is set to be proportional to those 552 

of construction, with values determined by the right-hand axis of Fig. 6(a). For example, Lm0,i under the 553 

BAU scenario decreases from 0.90–1.02 kg CO2/(m2·year) for the 2026-30 FYP to nearly zero by 2060. 554 

For scenarios involving renovation activities, the embodied carbon limit for renovation (e.g., 52.4–73.6 555 

kg CO2/m2 for the 2026-30 FYP) is significantly lower compared to new construction, as illustrated in 556 

Fig. 7. The lower bound of embodied carbon limit for renovation also remains consistent across 557 

scenarios, and the HVR reduction allows for a higher upper bound of embodied carbon limit for 558 

renovation activities. 559 
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4.3 Lifecycle embodied carbon limit 561 

Taking the RVR-D scenario as an example, when the impact of structural design on operational carbon 562 

is not considered, the results of lifecycle embodied carbon limit for a structure with 50-year designed 563 

service life are shown in Fig. 8. When considering the lifecycle design, the magnitude of embodied 564 

carbon limit being lower than the 2022 benchmark will increase. This is primarily due to the tightening 565 

trend of the embodied carbon limit for maintenance, which results in much lower carbon emission 566 

allowances for subsequent maintenance activities in lifecycle design compared to the embodied carbon 567 

limit for maintenance in the year of construction/renovation. Moreover, the extension of 50-year 568 

designed service life starting from 2026 will exceed 2060, after which the embodied carbon limit for 569 

maintenance becomes zero. Consequently, the lifecycle embodied carbon limit decreases at a faster rate 570 

compared to the embodied carbon limit for merely construction or renovation activities, while the two 571 

types of limits gradually converge when approaching 2060. 572 

 573 
Fig. 8. Comparison of lifecycle embodied carbon limits and the limits for merely construction or 574 
renovation activities under the RVR-D scenario. Note: “construction-LC” and “renovation-LC” 575 
respectively represent the limits for lifecycle design with the initial activity being construction and 576 
renovation. 577 
 578 

As per Eq. (15), the contributions of embodied carbon limit for maintenance to the lifecycle 579 

embodied carbon limits are the same for construction and renovation designs in the same year. Thereby, 580 

considering lifecycle design has more pronounced impacts on the embodied carbon limit for renovation 581 

design (Fig. 8), offering more design flexibility. Additionally, the differentiating characteristics of 582 

lifecycle embodied carbon limits across various construction management scenarios follow similar 583 

patterns to those of the limits for merely construction or renovation activities discussed in Section 4.2, 584 

with the lifecycle values at a moderate regulation level decreasing from 334.9–380.3 kg CO2/m2 (new 585 
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construction design) or 71.2–82.5 kg CO2/m2 (renovation design) for the 2026-30 FYP to nearly zero 586 

by 2060 (Fig. 9). 587 

 588 
Fig. 9. Lifecycle embodied carbon limits for different construction management scenarios with the 589 
initial activity being (a) new construction, and (b) renovation. 590 
 591 

4.4 Regional adjustments 592 

The regional disparities in China’s construction sector are pronounced, with typical patterns as follows: 593 

a high proportion of construction takes place in the eastern region with relatively advanced building 594 

technologies, whereas a low proportion in the western region with higher carbon intensity of 595 

construction due to delayed development [32, 46]. 596 

Taking the embodied carbon limit for new construction over 2026-2030 as an example, a hypothetical 597 

analysis of regional adjustments is presented, distinguishing among the developed, moderately 598 

developed and underdeveloped regions in the Chinese Mainland with a brief division presented in 599 

Supplementary Data 4. Regional proportions in newly completed BFSs constructed by construction 600 

enterprises in 2022 are presented in Table 2, according to the China Statistical Yearbook [46]. This 601 

analysis assumes that the completed BFSs of URBs approximately follow the same proportional 602 

distribution, based on which, differentiated carbon intensity benchmarks across regions are weighted to 603 

calculate the national average carbon intensity benchmark, leading to the following relationships among 604 

regional carbon intensity benchmarks. 605 
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where aj is the ratio of the mean carbon intensity benchmark of new construction in the jth region ( c,jB ) 607 
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to the nationwide mean benchmark ( cB ); rB,j is the proportion of newly completed URBs in the jth region 608 

to the national total in the year of benchmarking. The vector a = {a1, a2, …, 
rNa } represents the regional 609 

disparities in carbon intensity level of new construction, and two hypothetical cases are used for analysis, 610 

as shown in Table 2. 611 

The regional adjustment factor as introduced in Eq. (13) can be decomposed into two coefficients 612 

influenced by the mean (λm,i,j) and dispersion (λf,i,j) of the embodied carbon benchmark, respectively, 613 

i.e., 614 

R, , m, , f, ,i j i j i jγ λ λ= ; 
R R

c,
m, ,

, c, ,
1 1

j j
i j N N

i j j i j j
j j

B a

r B r a
λ

= =

= =

∑ ∑
                     (19) 615 

where λm,i,j represents the carbon intensity level in the jth region relative to the national average carbon 616 

intensity level due to the changes in construction proportions across various regions during the time 617 

interval i; λf,i,j captures feasibility disparities in reducing embodied carbon of new construction across 618 

regions. 619 

 620 
Table 2 621 
Cases for the hypothetical analysis of regional embodied carbon limit adjustments. 622 

Parameter Case for analysis Region 
Developed (D) Moderately developed (M) Underdeveloped (U) 

rB,j — 55.1% 28.8%  16.1% 
aj L1 0.938 1.04 1.15 

L2 0.797 1.14 1.48 
r2026-30,j R1 55.1% 28.8%  16.1% 

R2 20.0% 30.0% 50.0% 
CV of Bc,j C1 0.15 0.25 0.35 

C2 0.35 0.25 0.15 
C3 0.25 0.25 0.25 

Note: L1 assumes 10% lower and 10% higher intensity levels respectively for developed and 623 
underdeveloped regions relative to the moderately developed region; while L2 assumes 30% 624 
lower and 30% higher intensity levels for developed and underdeveloped regions. 625 
 626 

The proportions of planned construction in different regions during the time interval i (i.e., ri,j) 627 

determine the value of λm,i,j, with two cases analyzed for 2026-2030: maintaining the original 628 

construction proportions (R1) or primarily developing the underdeveloped region (R2) (Table 2). 629 

Additionally, the dispersion of carbon intensity benchmark for RB construction in China can be 630 

calibrated by a gamma distribution [47], which is used to describe regional carbon intensity benchmarks 631 
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for the three analyzed regions. Then, the distributions of regional benchmarks are characterized by their 632 

coefficients of variation (CVs), and three cases of regional disparities in CVs are compared (Table 2). 633 

The region with low mean carbon intensity benchmark, due to high level of low-carbon technology 634 

application, allows for smaller embodied carbon limit, i.e., low λm value [Fig. 10(a)]. Besides, for the 635 

region with low CV of benchmark, the high technological maturity makes further carbon reduction more 636 

challenging; thus, from a feasibility standpoint, it is not favorable to set the embodied carbon limit 637 

significantly below the mean of benchmark, corresponding to a relatively high λf value [Fig. 10(a)]. A 638 

typical case (C1) is that the mean and CV of carbon intensity benchmark for construction in more 639 

developed regions may both be lower. Then, the above two types of influences could compensate for 640 

each other, allowing the regional adjustment factors to fluctuate around 1 with minimal variation [Fig. 641 

10(b)]. In such a case, the national average embodied carbon limit could well apply to various regions 642 

without adjustments. 643 

 644 
Fig. 10. Regional adjustments applied to the embodied carbon limit for new construction over 2026-645 
2030 under different construction management scenarios. (a) λm and λf; (b) λR; (c) value of p. Note: D, 646 
M, and U represent the developed, moderately developed, and underdeveloped regions, respectively; 647 
the results presented correspond to the case of R1L1C1; the values of λm for different scenarios are the 648 
same. 649 
 650 

Among the analyzed scenarios of building stock dynamics, HVR reduction significantly reduces the 651 

demand for new construction in the near term, thereby increasing the national average embodied carbon 652 

limit for 2026-2030 and allowing for a larger possibility (i.e., value of p) to achieve the limit [Fig. 10(c)]. 653 

Then, for the region with higher CV of carbon intensity benchmark (relatively low λf value), the increase 654 

of the quantile value corresponding to p is more significant, narrowing the gaps among the λf values for 655 

the three regions [Fig. 10(a)]. Additionally, the assumed minor impact of renovation and demolition 656 

restriction on the near-term construction results in minimal changes to regional adjustments for 2026-657 
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2030 embodied carbon limit [Fig. 10(b)]. 658 

Another case (C2) is that the developed region may have greater potential for technological 659 

advancement owing to economic advantages, increasing the feasibility of carbon reduction, while the 660 

underdeveloped region may rely more on traditional technologies, making carbon reduction more 661 

challenging. Then, the differences in regional embodied carbon limits, i.e., lower limit in the developed 662 

region while higher limit in the underdeveloped region, will be exacerbated [Figs. 11(a),(b)]. For the 663 

combination of cases C2 and R1, the developed region with high proportion of construction activities 664 

possesses higher carbon reduction feasibility; thus, the difficulty for reaching the targeted carbon limit 665 

could be alleviated, with the value of p increased [Fig. 11(c)]. It is worth mentioning that given all 666 

regional embodied carbon limits follow the same type of distribution with the same CV (C3), λf equals 667 

1 [Fig. 11(a)], and the embodied carbon limits across different regions are proportional to their mean 668 

carbon intensity levels [Eq. (19)]. 669 

 670 
Fig. 11. Regional adjustments applied to the embodied carbon limit for new construction over 2026-671 
2030 under different regional disparities in CV of carbon intensity benchmarks. (a) λm and λf; (b) λR; (c) 672 
value of p. Note: the results presented correspond to the cases of R1L1 and the BAU scenario; the 673 
values of λm for the cases analyzed are the same. 674 
 675 

When the differences in mean carbon intensity benchmarks among regions are more pronounced (L2 676 

vs. L1), the gaps among the λm values for different regions will become greater [Fig. 12(a)]. If 677 

construction is shifted to primarily focus on the underdeveloped region where the carbon emission level 678 

is higher (R2 vs R1), the increased proportion of construction activities with higher carbon emission 679 

level makes the required reduction compared to the national average carbon intensity benchmark larger, 680 

employing lower λm values [Fig. 12(a)]. In this case, the contribution of the underdeveloped region to 681 

reducing the national average carbon emissions is also greater. When the underdeveloped region 682 
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exhibits greater decarbonization potential (C1), where the reduction of the quantile value relative to the 683 

mean is more significant under the same value of p, R2 tends to increase the value of p compared to R1 684 

[Fig. 12(c)] to achieve the same national average embodied carbon limit, leading to increases in λf 685 

values [Fig. 12(a)]. Overall, the impacts of the changes in regional construction proportions on the 686 

values of p and γR depend on the levels of disparities in mean and CV of carbon intensity benchmarks. 687 

For example, for the cases of L1C1, the influence of disparity in CV of benchmarks prevails, adjusting 688 

R1 to R2 increases both values of γR and p [Figs. 12(b),(c)]. Conversely, for the cases of L2C1, the 689 

influence of the disparity in the mean of benchmarks prevails; thus, R2 compared to R1 significantly 690 

reduces the value of p, necessitating stricter embodied carbon limit adjustments with lower γR [Figs. 691 

12(b),(c)]. 692 

 693 
Fig. 12. Regional adjustments applied to the embodied carbon limit for new construction over 2026-694 
2030 under different regional disparities in construction proportions and mean carbon intensity 695 
benchmarks. (a) λm and λf; (b) λR; (c) value of p. Note: the results presented correspond to the BAU 696 
scenario. 697 
 698 

4.5 Sensitivity analysis 699 

The following analysis examines how fluctuations in the values of national carbon budget and αm,i affect 700 

the results of national average embodied carbon limits derived using our proposed methodology. 701 

According to Eqs. (9)&(10), both the upper and lower bounds of the embodied carbon limits vary 702 

proportionally with changes in the annual national carbon budget for the same time interval (Fig. 13). 703 

Based on the assumptions regarding the temporal variation of the national carbon budget in Section 4.1, 704 

changes in the national total carbon budget until carbon neutrality have a relatively minor impact on 705 

near-term national carbon budget estimates [Fig. 13(a)] and, consequently, on near-term embodied 706 

carbon limits [Fig. 13(b)]. However, this impact increases significantly over time. For example, a 20% 707 
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change in the national total carbon budget leads to an 11.4% change in the embodied carbon limits for 708 

the 2026–2030 FYP, but results in a 62.7% change for the 2056–2060 FYP (Fig. 13). Therefore, utilizing 709 

interval-specific updated information enables more accurate determination of embodied carbon limits, 710 

further underscoring the importance of dynamic limit derivation proposed in this study. Moreover, the 711 

results from the above illustrative analysis can be adjusted by multiplying them by the ratio of the actual 712 

carbon budget to the estimated national carbon budget shown in Fig. 4. 713 

 714 
Fig. 13. Changes in (a) annual national carbon budget and (b) embodied carbon limit for construction 715 
under different national total carbon budget assumptions for China. Note: Bars show results for the 716 
default budget [165.112 billion tons for China until carbon neutrality (see Supplementary Data 1 for 717 
details)] and for its 20% decrease or increase. Lines indicate the relative changes due to 20% decrease 718 
or increase in national total carbon budget compared to calculations with the default assumption. 719 
Proportional changes in embodied carbon limits for renovation or maintenance match those for 720 
construction, as their coefficients remain constant with budget variations [Eqs. (2)&(3)]. 721 
 722 

Changes in αm,i do not affect the lower bounds of the embodied carbon limits for construction or 723 

renovation [Eq. (10)], while that for maintenance varies proportionally with αm,i [Eq. (3)]. Regarding 724 

the upper bounds, an increase in αm,i results in a greater share of the carbon budget being allocated to 725 

maintenance, thereby raising the upper bound of the embodied carbon limit for maintenance. Conversely, 726 

the shares for construction and renovation decrease, decreasing the upper bounds of their embodied 727 

carbon limits.  728 

Within the same interval, construction management scenarios with higher embodied carbon limits 729 

for construction (see Fig. 6) reflect lower demand for construction and renovation activities. As time 730 

progresses, the demand for construction and renovation of URBs in China also declines. In both cases, 731 

larger portions of national carbon budget are allocated to maintenance, making changes in αm,i more 732 

impactful on the embodied carbon limits for construction or renovation (Fig. 14). Nevertheless, even if 733 

-80

-60

-40

-20

0

20

40

60

80

C
ha

ng
es

 re
la

tiv
e 

to
 c

al
cu

la
tio

ns
 w

ith
 d

ef
au

lt 
as

su
m

pt
io

n 
(%

)

2026-30 2031-35 2036-40 2041-45 2046-50 2051-55 2056-60
Time interval

0

2

4

6

8

10

12

An
nu

al
 n

at
io

na
l c

ar
bo

n 
bu

dg
et

 
(b

illi
on

 t 
C

O
2)

Default
-20%
+20%

-20%
+20%

-80

-60

-40

-20

0

20

40

60

80

C
ha

ng
es

 re
la

tiv
e 

to
 c

al
cu

la
tio

ns
 w

ith
 d

ef
au

lt 
as

su
m

pt
io

n 
(%

)

2026-30 2031-35 2036-40 2041-45 2046-50 2051-55 2056-60
Time interval

0

50

100

150

200

250

300

350

400

450

Em
bo

di
ed

 c
ar

bo
n 

lim
it 

fo
r c

on
st

ru
ct

io
n 

(k
g 

C
O

2/m
2 )

Benchmark (2022)

Default
-20%
+20%

-20%
+20%

(a) (b)



BAE-D-25-03054R2 

31/42 
 

αm,i doubles from 2% to 4%, the magnitude of this influence may still be limited, especially for the 734 

2026–2050 FYP, the reductions in the carbon budget for construction or renovation across analyzed 735 

scenarios does not exceed 2% (Fig. 14). Therefore, the embodied carbon limits for construction and 736 

renovation derived in this study remain robust to changes in αm,i. 737 

  738 
Fig. 14. Reduction ratios of the upper bounds of embodied carbon limits when αm,i = 0.4% compared to 739 
those when αm,i = 0.2%. 740 
 741 

5. Discussions 742 

5.1 Verification against embodied carbon limit in structural design 743 

The methodology proposed in this paper derives the embodied carbon limit per unit BFS, while the 744 

embodied carbon allowance for the design of a specific building structure can be generated by 745 

multiplying the derived embodied carbon limit by its BFS, which is a primary design parameter 746 

typically defined at the early design stage. Exceptionally, for the separate low-carbon verification of 747 

maintenance activities, the embodied carbon limit needs to be generated by multiplying Lm0,i by both 748 

the BFS and maintenance cycle. Given the significant variability in carbon reduction feasibility across 749 

structural components and systems—particularly since early-stage design choices at the structure level 750 

(e.g., layout optimization) may yield notable decarbonization potential [5]—this study advises against 751 

decomposing the structural embodied carbon limit further to the component level. Such granularity may 752 

constrain the flexibility of low-carbon technology adoption and compromise safety design. Component-753 

specific guidance, if needed, may be explored in future research through performance-based 754 

benchmarks rather than prescriptive limits. 755 

  With the proposed methodology, the embodied carbon limit for renovation specifically applies to 756 
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policy-driven, planned renovation activities. For the voluntarily adopted renovations in place of new 757 

constructions, the embodied carbon limit for construction is still used for low-carbon design verification. 758 

As demonstrated by the values of αr,i (around 20%, as per Supplementary Data 3), renovations typically 759 

entail significantly lower emissions for supplying equivalent BFS, creating a compliance buffer that 760 

incentivizes renovation over demolition and reconstruction. 761 

Furthermore, the successful application of lifecycle embodied carbon limit in low-carbon design 762 

verification requires two critical points: (1) science-based projections of future maintenance work 763 

and/or operational energy, and (2) incorporation of time-varying carbon intensity reduction trends into 764 

emission forecasts. The latter aligns with decarbonization trajectories assumed in national or collective 765 

carbon budgets, ensuring scenario consistency between the evaluation of structural embodied carbon 766 

and the determination of its limit. To avoid the carbon lock-in effect, where short-term carbon reduction 767 

masks long-term inefficiencies [39], low-carbon decisions on renovation need to be based on the 768 

verification of lifecycle embodied carbon. Although unplanned renovations are assigned no carbon 769 

allowance due to their absence in the prior derivation process of limit values, the tradeoff mechanism 770 

in Section 3.4 rewards renovations that effectively reduce operational carbon (e.g., insulation upgrades) 771 

or future maintenance needs (e.g., corrosion-resistant coatings), fostering lifecycle-oriented decisions 772 

that align with the reduction of long-term cumulative carbon emissions to pursue climate mitigation 773 

goals. Additionally, low-carbon verification for renovation design is also recommended to be based on 774 

the lifecycle embodied carbon limit, since the prolonged service of old structures post-renovation may 775 

increase maintenance demands. 776 

It should be noted that the derived embodied carbon limit clarifies the carbon mitigation obligation 777 

within construction sector, but the levers to keep embodied carbon of building structures below its limit 778 

may not be restricted to structural design adjustments alone. For instance, purchasing carbon allowance 779 

through carbon trading market may also compensate for excessive carbon emissions [29]. 780 

 781 

5.2 Dynamic inputs for deriving updated embodied carbon limits 782 

Ensuring that the derived dynamic embodied carbon limits remain representative and up-to-date 783 

requires continuous updates to carbon budgets and carbon intensity benchmarks, based on real-world 784 
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evidence of carbon mitigation policies, advancements in low-carbon technologies and changes in 785 

carbon intensities owing to societal decarbonization efforts, such as energy transition.  786 

Particularly, outdated benchmarks pose a significant risk of distorting feasibility assessments in the 787 

regional adjustments proposed in Section 3.3. For example, for the regional adjustment of 2031-35 788 

embodied carbon limit for new construction under the R1L1C1 case and the BAU scenario, if the 2022 789 

benchmarks are adopted, the achievement probability of limit regulation (p) would be extremely low 790 

[less than 2%, as Fig. 15(a)], implying unrealistically high difficulties for achieving the limit 791 

requirement compared to reality. On one hand, the 2022 benchmark distributions fail to account for new 792 

lower-carbon technologies that may emerge and the phasing out of old higher-carbon technologies by 793 

2031-2035, and thereby cannot accurately reflect the typical low-carbon technological status for the 794 

2031-35 FYP. On the other hand, due to the idealized nature of probability models, there are inherent 795 

assumptions that may not align with real-world conditions, making the tail information less accurate. 796 

Using outdated benchmarks that are too low relative to the embodied carbon limit may cause over-797 

reliance on tail information for regional adjustments, potentially leading to impractically large 798 

differences in regional adjustments [Fig. 15(b)] and hindering fair distribution of carbon mitigation 799 

obligations among regions. 800 

 801 

 802 
Fig. 15. Regional adjustments applied to embodied carbon limits for new construction over 2031-2035 803 
based on different carbon intensity benchmarks. (a) Results of γR and p; (b) Distribution of assumed 804 
regional benchmarks. Note: the results presented correspond to the R1L1C1 case and the BAU scenario; 805 
in the legends of subfigure (b), (B) denotes the benchmark distribution, while (L) represents the regional 806 
limit. 807 
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If an updated benchmark is adopted, assuming the mean of the benchmark changes according to 809 

predictions disclosed in our previous study [17]—specifically, that the mean for 2031-35 is 810 

approximately 83.2% of the 2022 benchmark—the above issues can be mitigated. By reflecting the 811 

incorporation of new low-carbon technologies and the elimination of outdated high-carbon technologies, 812 

the probability of achieving limit requirement can be enhanced to nearly 10%, while the differences in 813 

adjustment across regions would be reduced (Fig. 15). Additionally, the achievement feasibility 814 

remaining low after updating benchmarks highlights that relying solely on low-carbon construction 815 

technologies without integrating construction management may significantly limit future low-carbon 816 

structural design options. 817 

 818 

5.3 Use of time-dependent embodied carbon limit 819 

A defining feature of the embodied carbon limit derived in this study is its time-dependent variations, 820 

which could dynamically trace the carbon mitigation obligation required by real-world decarbonization 821 

pathways, contrasting with existing studies typically providing a constant limit over decades [6, 10]. By 822 

assigning higher embodied carbon limit in the near term (e.g., 2025–2040) and lower limit approaching 823 

2060, this dynamic approach accommodates transitional challenges in low-carbon technology adoption 824 

and aligns with the progressive decline in carbon intensities, balancing feasibility for current projects 825 

while preserving future decarbonization opportunities.  826 

The time-dependent embodied carbon limit is intended to pave the way for construction sector toward 827 

carbon neutrality. As approaching 2060 (the target year of carbon neutrality in China), the embodied 828 

carbon limit—both upper and lower bounds—will approach zero. Since achieving zero embodied 829 

carbon of building structures is generally considered challenging, our previous paper proposed 830 

additional allowances for embodied carbon by introducing external carbon sinks [45]. However, during 831 

this study, we have noticed that buildings themselves hold the potential to storage or offset carbon. For 832 

example, concrete and wood structures have the ability to absorb or store carbon [48, 49], while BIPV 833 

[37] and vertical greening systems [50] offer opportunities for negative carbon emissions during 834 

building operation. Therefore, when calculating the collective carbon budget for building structures, 835 

this study excludes external carbon offsets, and encourages the construction sector to internalize its 836 
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slower decarbonization progress with strategies such as reducing building demands, substituting new 837 

construction with renovation, and leveraging the carbon offset potential of buildings. Especially, for the 838 

post-carbon neutrality era, the carbon storage and offset measures would be essential for achieving net 839 

zero carbon of building structures, while the trade-off mechanism in Section 3.4 may still provide a 840 

positive lifecycle embodied carbon limit for feasible low-carbon structural design. 841 

 842 

5.4 Limitations and prospects 843 

The illustrative analysis in Section 4 is primarily for demonstration purposes and based on predictive 844 

modeling. Direct use of the currently derived regional embodied carbon limit values requires careful 845 

consideration, as their accuracy is currently constrained by the lack of robust, region-specific carbon 846 

intensity benchmarks. According to our proposed regional adjustment approach, refining these regional 847 

limits critically depends on obtaining reliable and comparable regional benchmarks. Therefore, it is 848 

essential to further establish standardized, formalized carbon emission measurement protocols and data 849 

quality frameworks. This would enable the development of regional benchmarks with consistent 850 

statistical boundaries and data quality, accurately reflecting the distinct carbon emission characteristics 851 

of regional construction practices. Additionally, the embodied carbon benchmark for construction used 852 

in illustrative analysis does not yet account for emissions from demolition, which may result in 853 

relatively stringent limits for low-carbon verification of construction and renovation designs. 854 

Furthermore, this study offers policymakers insights into the necessity of specifying context-robust 855 

metrics, including carbon budgets, low-carbon regulation-level factor and planned 856 

construction/renovation schemes, to facilitate the carbon regulation in construction sector. The 857 

embodied carbon limits derived in this study pertain to CO₂ emissions and do not explicitly account for 858 

non-CO₂ greenhouse gases, given that CO₂ is the predominant greenhouse gas in building material 859 

production and construction processes [39, 40]. While this paper is mostly contextualized within China, 860 

the methodological framework provides transferable insights for other rapidly developing and 861 

transforming regions. 862 

 863 
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6. Conclusions 864 

This paper has introduced a novel methodology for deriving dynamic embodied carbon limit of building 865 

structures within the context of a transitioning construction sector. By examining reasonable changes in 866 

the allocation of the national carbon budget to the collective embodied carbon of building structures, 867 

we have proposed methods for determining the upper and lower bounds of limits respectively for new 868 

construction, renovation and maintenance. The upper bound is derived using a top-down approach based 869 

on the grandfathering principle, which involves decomposing the carbon budget according to building 870 

stock dynamics. Conversely, the lower bound is determined using a bottom-up approach, estimating the 871 

reduction in carbon intensity of embodied carbon-related activities in line with the societal average 872 

decarbonization rate. 873 

Moreover, building on this derived range, we have developed multi-factor adjustments to establish 874 

flexible embodied carbon limit tailored to building types, sectoral carbon regulation levels, regional 875 

characteristics, and lifecycle design. These adjustments include: (1) the use of building type-specific 876 

data to generate pertinent limit; (2) a regulation-level factor to avoid excessively high limit resulting 877 

from strict construction management or excessively low limit that is challenging for the conservative 878 

construction sector to achieve; (3) accounting for regional disparities by adjusting for the feasibility of 879 

carbon reduction based on the mean and dispersion of regional carbon intensity benchmarks; (4) setting 880 

lifecycle embodied carbon limit based on scientifically predicted future maintenance and operational 881 

energy savings, thereby promoting trade-offs in carbon allowance over the service life of building 882 

structures. This methodology is particularly applicable to countries with vast territories undergoing 883 

social or construction industry transitions, facilitating macro-control and top-level design for sectoral 884 

carbon emissions. 885 

Subsequently, we provide an illustrative analysis demonstrating the operability and application 886 

characteristics of the proposed methodology. This analysis generates the embodied carbon limit for 887 

urban residential building structures in China over the period 2026-2060, encompassing new 888 

construction, maintenance, renovation, and lifecycle considerations. Key findings include: 889 

(1) The dynamic embodied carbon limit exhibits a notable decreasing trend until the target of net zero 890 
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carbon emissions is achieved by 2060. Both demand-side and supply-side mitigation strategies in 891 

construction management help raise the upper limit of embodied carbon, providing a buffer period for 892 

the widespread adoption of low-carbon technologies in structural design. 893 

(2) For the 2026-30 Five-Year Plan (FYP) of China with a moderate carbon regulation level for 894 

construction sector, reasonable embodied carbon limits for new construction, maintenance and 895 

renovation (if available) activities are 320.8–360.8 kg CO2/m², 0.90–1.02 kg CO2/(m2·year) and 56.3–896 

63.0 kg CO2/m², respectively, while for 50-year lifecycle design of new construction and renovation (if 897 

available), the ranges are respectively 334.9–380.3 kg CO2/m2 and 71.2–82.5 kg CO2/m2, depending on 898 

the construction management strategy. 899 

(3) Regions with lower mean or higher coefficient of variation (CV) in carbon intensity benchmark 900 

tend to adopt lower embodied carbon limit from a feasibility perspective. Changes in the proportion of 901 

construction activities across different regions can lead to simultaneous increases or decreases in 902 

regional adjustment factors, depending on the relative impact of regional disparities in the mean and 903 

CV of carbon intensity benchmarks. Construction management strategies that raise national average 904 

embodied carbon limit mitigate the impact of regional differences in CV of benchmarks. 905 

(4) Ensuring that the derived dynamic embodied carbon limit remains representative and up-to-date 906 

requires continuous real-world updates to carbon budgets and carbon intensity benchmarks. For 907 

decision-making of renovation projects, low-carbon verification based on lifecycle embodied carbon 908 

limit is recommended to provide greater design flexibility. If renovation is voluntarily chosen over new 909 

construction, the embodied carbon limit for new construction should still be applied. For unplanned 910 

additional renovations, future changes in operational carbon or maintenance demands need to be 911 

considered to create compliant carbon allowances. 912 
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