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Optimizing green and gray infrastructure
planning for sustainable urban
development

Check for updates

Janneke van Oorschot 1 , Mike Slootweg1, Roy P. Remme 1, Benjamin Sprecher2 &
Ester van der Voet1

The anticipated increase in urban population of 2.5 billion people by 2050 poses significant
environmental challenges.While the various environmental impacts of urbanisation have been studied
individually, integrated approaches are rare. This study introduces a spatially explicit model to assess
urbanization’s effects on ecosystem services (green infrastructure availability, cooling, stormwater
retention) and the environmental impact of building construction (material demand, greenhouse gas
emissions, land use). Applied to the Netherlands from 2018 to 2050, our results show that integrating
green infrastructure development with building construction could increase green areas by up to 5%
and stabilize or increase ecosystem service provisioning. Dense building construction with green
infrastructuredevelopment is generallymorebeneficial across theNetherlands, reducing resourceuse
and enhancing ecosystem services. Conversely, sparse constructionwith green infrastructure ismore
advantageous for newly built areas. These findings offer insights into the environmental
consequences of urbanization, guiding sustainable urban planning practices.

TheUnitedNations projects a growth of the urban population of 2.5 billion
people between 2018 and 2050, which will concurrently result in a sig-
nificant expansion in urban land cover1,2. The transformation of natural
landscapes to urban land impacts both the local and the global environment.
Understanding these effects is crucial for fostering sustainable urbanization
strategies in the future. At the local level, urban development results in the
replacement of green infrastructure (i.e., trees, shrubs andgrasses),with gray
infrastructure, (i.e., roads and buildings). Green infrastructure can be
definedas “a strategically plannednetworkofnatural and semi-natural areas
with other environmental features designed and managed to deliver a wide
range of ecosystem services”3. Ecosystem services are the direct and indirect
contributions of ecosystems tohumanwellbeing4. These services encompass
a wide array of benefits, including the provision of essential resources like
food and freshwater, the regulation and preservation of the environment
through functions such as managing stormwater, enhancing soil quality,
reducingnoise levels, and regulating air temperatures5–7. Additionally, green
infrastructure provides cultural benefits, serving as spaces for recreational
activities and leisure8. Transformation of green into gray surfaces increases
urban vulnerability to health and climate-related threats such as flooding
and urban heat9,10.

The increasing demand for newbuildings and infrastructure, drivenby
urbanization, impacts the environment not just at the local level, but at the

global level aswell. In 2019, themanufacturing of buildingmaterials, such as
steel and cement, accounted for 11% of energy and process-related CO2

emissions11. Continuous growth of the building stock could result in an
increaseof buildingmaterial relatedemissions from3.5 to4.6GtCO2eqyr

−1

between 2020–206012. Therefore, the consequencesof urban transformation
extend far beyond city boundaries, emphasizing the need for sustainable
urban development practices.

A wide range of factors affect the local urban climate and resilience to
climate change, with ecosystem services playing a crucial role13,14. The
provisioning of ecosystem services depends on the type, size, and arrange-
mentof green infrastructure, and is also influencedby the local climate, non-
ecological elements, such as buildings and roads, and socioeconomic
variables6,15,16. For instance, the services provided by the same configuration,
size, and type of green infrastructure can differ when the climate and
landscape changes16. Therefore, conducting location-specific assessments of
ecosystem services in high spatial resolution is important to capture the
factors that influence their provisioning within a given area.

A considerable amount of research has focused on understanding how
urbanization impacts green infrastructure and the provision of ecosystem
services. Some studies have explored the impact of urbanization on the
expansion of urban land2,17 or the availability of green infrastructure18,19.
Studies have also shown the negative impact of urban growth and urban

1Institute of Environmental Sciences, Leiden University, 2333 CC Leiden, The Netherlands. 2Faculty of Industrial Design Engineering, TU Delft, 2628 CE Delft, The
Netherlands. e-mail: j.van.oorschot@cml.leidenuniv.nl
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densification on biodiversity and the provisioning of ecosystem services20–22

and trade-offs between spatial configuration of urbanization and ecosystem
service supply23,24. Investigations into the implementation of green infra-
structure strategies have revealed their potential to improve ecosystem
service provisioning, while also highlighting the synergies and trade-offs
among these services9,25. These studies highlight the complex interplay of
factors shaping urban environments and the critical role of green infra-
structure in fostering sustainable cities.

Urban planning choices also affect the impact related to building
construction. Dense building construction reduces material use and
greenhouse gas emissions compared to sparsely constructed areas26. Dense
urban regions often prioritize multi-family housing, which typically consist
of smaller dwelling units and are therefore more resource-efficient com-
pared to single-family houses.Dense building construction is also associated
with more efficient energy usage during building operation27. On the other
hand, building densification often result in higher material turnover due to
building replacements26 and, in the case of high-rise construction, buildings
also tend to be more material-intensive due to the need for additional
structural components28. Therefore, the location and characteristics of
buildings play a critical role in shaping the global environmental impacts.

In addition to spatial planning choices, circular economy strategies in
the building sector are critical for reducing environmental impacts. These
strategies encompass a variety of practices, including building lifetime
extension, the use of alternative construction materials, such as biobased or
lightweight material, alternative energy sources, increased material effi-
ciency, designing for reusability and recyclability,minimizing dwelling floor
space, and enhancing recycling processes12,26,29. Implementing these strate-
gies can lead to a halving in the material related GHG-emissions compared
to a Baseline12,26. However, some strategies show trade-offs, such the sub-
stantial land-use impact associated with the construction of wooden
building26.

Several studies on the impact of urbanization on building materials
have been conducted.Historical assessments of the global level extraction of
construction minerals as well as projections for the future have been

published by the International Resource Panel, showing a threefold increase
during 1970-2015, and an additional doubling until 205030. Spatially explicit
studies show more detail: high-resolution building maps enable the
assessment of materials incorporated within them, offering insights into
opportunities for sustainable resource use26,31. Historical building stock
maps have been employed to scrutinize urban growth patterns and asso-
ciated material stock dynamics over time32–35. Maps of the existing building
stock also serve as a foundation for modeling future dynamics to identify
more sustainable solutions for building construction26,29.

While existing studies provide valuable insights into specific sustain-
ability aspects of urban development, an integrated approach that provides
insights into both the local and the global impacts of urbanization is still
lacking. This is crucial because urban development impacts both green and
gray infrastructure; analyzing these impacts together provides an oppor-
tunity to reduce the impact related to construction of buildings, while
simultaneously reducing losses or improving availability of ecosystem ser-
vices. To bridge this gap, this paper aims to address the following question:
How can green and gray infrastructure planning be optimized for sustain-
ableurbandevelopment?We take theNetherlands as a case-study, a country
notable for its high population density and unique environmental chal-
lenges. While focused on the Netherlands, we provide insights and
approaches that are transferable to other urban environments to enhance
their understanding and implementation of sustainable urban development
approaches. Addressing this question is important in light of international
urbanization trends anticipated towards 20501,36, which have resulted in
several initiatives and policies. These include the EuropeanUrban Initiative,
which focuses on creating innovative solutions to urban sustainability37; the
EuropeanNature Restoration Law, targeting no net loss of green spaces and
aiming for their increase by 205038; and the ambition of the EuropeanGreen
Deal towards achieving net-zero emissions by the same year39. Our research
also aligns global commitments, such as the United Nations’ goals for
sustainable urban futures, highlighting the broader relevance of our work1.
The Dutch commitment to achieving circularity and climate neutrality by
2050 exemplifies these broader efforts40.

Fig. 1 |Methodological framework. aPresents the approach for resource use calculation, bPresents the approach for land use and land cover (LULC) change and ecosystem
service calculation, c Presents a comparison of the sustainability indicators and urbanization strategies.
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Figure 1 presents the methodolgical framework. Our analysis begins
with spatially explicit strategies for building construction and demolition
from 2018 to 2050, as outlined by the Dutch Environmental Assessment
Agency41. These strategies are based on regional population growth pro-
jections and preferred locations for building construction. We focus pri-
marily on two contrasting approaches: the Dense strategy, which
concentrates construction within present urban areas, and the Sparse
strategy, which promotes development in low-density areas such as agri-
cultural and industrial sites (Table 1). Our analysis examines the implica-
tions of these strategies on the building material impact, land-use change
and ecosystem service provision. Firstly, we analyze the effects of urbani-
zation on the non-local aspects: the demand for primary buildingmaterials,
the greenhouse gas emissions, and the embodied land use associated with
the extraction and production of construction materials (Fig. 1a). Our
approach incorporates three construction methods: conventional, circular,
and biobased. These methods are applied within the frameworks of the
Dense and Sparse urbanization strategies. Secondly, we assess how these
urbanization strategies affect local land use change and its impacts on local
ecosystem service supply (Fig. 1b): local green infrastructure availability, air
temperature regulation, and stormwater retention capacity (Table 2). These
services are critical for enhancing urban quality of life and improving
resilience against environmental and socio-economic challenges42. In our
land-use and ecosystem service analysis, we integrate the Dense and Sparse
strategies with two distinct land-use approaches: Green, emphasizing
extensive greening around buildings, and Gray, characterized by minimal
green infrastructure development. In the final step, we identify the most
effective combination of building and land-use strategies for each sustain-
ability indicator, highlighting key synergies and trade-offs (Fig. 1c). Span-
ning the period from 2018 to 2050, and building upon the work of van
Oorschot et al. (2023)26, our research integrates a diverse array of sustain-
ability indicators in support of sustainable urban development. In the tables
below (Tables 1 and 2), urbanization strategies, land-use approaches and
construction material choices are summarized, as well as the sustainability
indicators on which these are assessed.

Results
Building materials
In this section, we present the results of the use of construction materials
over the period 2018-2050, related to the three non-local indicators: use of
primary construction materials, cradle-to-gate CO2-emissions, and embo-
died land use. Figure 2 shows the results.

The global warming potential associated with building materials totals
between 68 and 127megaton (Mt) CO2-equivalent in the period 2018-2050,
dependent on the urbanization strategy and choice of building materials.
Annually, this can be translated into an average of 2-4Mt/year, relatively low
compared to the impact related to spaceheating,which encompassed24.7Mt
CO2-equivalent in 2018 alone

43.However, as buildings are expected to greatly
reduce operational energy due to the energy transition, addressing emissions
from materials becomes increasingly important. Biobased construction
stands out with the lowest demand for primary materials and the lowest
embodied greenhouse gas emissions, largely as a result of replacing concrete
structures with wooden ones. However, biobased construction exhibits a
notably high embodied landuse impact related towoodproduction, reaching
over 16000 km2 for strategy Sparse and Biobased, equivalent to 40% of the
Netherlands’ surface area. This embodied land use significantly exceeds that
of conventional buildings and circular building strategies, which range
between 4000 and 7000 km2. Overall, the circular construction appears to be
the most favorable choice, resulting in lower primary material use as well as
lower CO2-emissions, without the trade-off to embodied land use.

From a building material perspective, prioritizing denser building
practices over sparse ones is the more sustainable choice (Fig. 2). While
densification leads to increased building replacements, consequently raising
the demand formaterials, the structures created in denser environments are
generally smaller, favoring multi-family dwellings over single-family
houses. Together with the greater potential for secondary material use,
this results in a reduced environmental impact compared to sparse building
construction. The results do not change between strategy Green and Gray,
because the surrounding area of the building has no effect on the material
related impacts (Table 3).

Table 1 | Overview of the urbanization strategies assessed in this study

Strategies Assumptions

Urbanization Dense Priority for building construction in urbanized built-up area

Sparse Priority for building construction outside urban areas on locations with low-building density

Land use and land cover (LULC) Green More than 30% of area (100 × 100m) consists of green infrastructure, more than 10% tree cover

Gray Less than 5% of area (100 × 100m) consists of green infrastructure, only grass and shrubs

Choice of building materials Conventional Concrete and steel structure

Biobased Wooden structure with biobased insulation materials

Circular Steel structure and detachable connections

Table 2 | Overview of the assessed sustainability indicators, their unit, and scope

Sustainability indicator Unit Scope

Primary material inflow kg - Newly constructed buildings

Global-warming-potential (cradle-to-gate) kg CO2 equivalent - Newly constructed buildings

Land use (cradle-to-gate) m2 - Newly constructed buildings

Change in area of green infrastructure m2 - Nationwide

Change in agricultural area m2 - Nationwide

Change in stormwater retention capacity % - Newly constructed (building) areas
- All (building) areas

Change in air temperature % and degrees Celsius - Newly constructed (building) areas
- All (building) areas

Change in green infrastructure availability % and m2 / km2 - Newly constructed (building) areas
- All (building) areas
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Figure 3a shows that at the national level, the construction locations are
not that different in strategies Dense and Sparse. In both strategies, building
activities are concentrated within more urbanized municipalities in the
central-western part of the Netherlands. This mirrors the demographic
forecasts outlined by the Dutch Environmental Assessment Agency44.
However, differences between the twomaps are also apparent. A significant
number ofmunicipalities, particularly in the central part of theNetherlands,
demonstrate a highermaterial demand under the Sparse strategy compared
to the Dense strategy.

Land use & land cover (LULC) change
Our findings show that buildings present a relatively small portion of the
total transformed land area and therefore highlight the potential for con-
current growth in green infrastructure alongside the expansion of building
area for strategyGreen (Fig. 4).Among the strategies considered, the Sparse-
Green combination emerges as the most effective in expanding the area of
green infrastructure, with an increase of 5% compared to 2018 (3% for
Dense-Green). The higher value for Sparse stems from a lower building
density, resulting in a larger area of transformed land (Fig. 3b). In the
absence of green infrastructure integration (strategy Gray), green infra-
structure declines by 2% in strategy Dense and by almost 1% in strategy
Sparse. However, the Sparse approach significantly reduces agricultural
land, creating a trade-off betweenurbandevelopment andagricultural areas.

In both Dense and Sparse strategies construction predominantly
occurs in the central-West of theNetherlands,which seems to correlatewith
the largest changes in green infrastructure area (Fig. 3b). Nonetheless,
variations in the spatial patterns of material demand and land use and land
cover (LULC) change are visible as well. This is because changes in green
infrastructure are influenced not only by the total area being transformed,
but also by theoriginal LULC.For example,municipalitieswhere a relatively
small areaof largely gray infrastructure is transformed into a combinationof
gray and green infrastructure may show a larger increase in green infra-
structure than municipalities where a large area of predominantly green
areas are transformed into amix of green and gray infrastructure. Similarly,
whilemostmunicipalities experience a decline in green infrastructure in the
Gray strategy, some municipalities still show an increase in green infra-
structure due to the transformation of non-residential areas like agricultural
or industrial land into built-up areas with a small amount of green

infrastructure. The maps reveal a trade-off between material impacts and
green infrastructure availability: while the Sparse-Green strategy leads to
more substantial increases in green infrastructure, the Dense strategy is
more advantageous in terms of building material requirements.

Ecosystem services
A lack of green infrastructure integration in building construction is asso-
ciated with a reduction in ecosystem service supply. For Gray strategies,
newly constructed areas experience more than a 5% decline in the avail-
ability of green infrastructure (within a 1 km2 area around dwellings) and
stormwater retention capacity, with air temperature increasing slightly over
1%, compared to the average of 2018. For green infrastructure availability,
the impact is most pronounced in the Sparse building strategy, where the
dominance of gray infrastructure and agricultural land leads to a substantial
42% decrease. Both Dense-Gray and Sparse-Gray show reductions in
stormwater retention capacity of almost 50%. In contrast, when evaluating
the total building stock (i.e., existing plus newly constructed buildings), the
decreases are generally less severe, under 5% for most services except for
green infrastructure availability, which show a 7% and 5% reduction in
strategyDense and Sparse, respectively. Conversely, the integration of green
infrastructure with building construction leads to a net increase or stabili-
zation of ecosystem service supply when compared to 2018 (Table 3). For
the entire building stock, the changes are smaller than 5% for air tem-
perature and stormwater retention, but exceed the 5% for green infra-
structure availability, indicating a significant impact.

Compared to the average of 2018, strategy Sparse-Green leads to a
significant almost 60% increase in green infrastructure availability, for newly
constructed areas. Strategy Dense-Green shows a lower, yet substantial,
improvement of nearly 40% compared to the 2018 average. When con-
sidering the entire building stock projected for 2050, the Sparse-Green
approach still leads with a roughly 10% increase in green infrastructure,
closely followed by the Dense-Green strategy at 8%. In absolute terms, the
Green strategies reveal a rise from an average of 0.303 km2 (within a 1 km2

around dwellings) in 2018 to between 0.328 km2 and 0.332 km2.
The choice of themost effective urbanization strategy for urban cooling

varies depending on the scale of analysis. Focusing on newly constructed
areas between 2018 and 2050, the Sparse-Green approach is the preferred
strategy. This method slightly reduces air temperature by 0.4%,

Fig. 2 | Cumulative impacts of building construction. Impact of building construction in the Netherlands between 2018 and 2050 on primary material demand, global
warming potential and embodied land use, broken down by material.
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corresponding to 0.12 oC on hot summer days, while the Dense-Green
strategy results in a small increase of 0.5%. The rise in temperature for
Dense-Green can be attributed to the partial replacement of urban green
infrastructure with gray infrastructure. In contrast, the Sparse-Green
strategy converts a significant portion of agricultural land into green
infrastructure, leading to an overall decrease in temperature. The results
changewhen analyzing the entire building stock. In this broader context, the
Dense strategy emerges asmore effective, showing amarginal decrease in air
temperature by 0.01%. This greater efficiency is because the Dense-Green
strategy introduces green infrastructure in areas where temperatures are

relatively high, thereby having a more substantial effect in cooling than the
Sparse-Green strategy. It is important to highlight that these temperature
changes are marginal, a point that will be expanded upon in the discussion
section.

In the context of stormwater retention, our analysis reveals that dense
urban construction, when integrated with green infrastructure, exhibits a
slightly higher retention capacity compared to sparse building construc-
tions. The Dense-Green strategy shows more than 20% increase in storm-
water retention for newconstructions, compared to an slightly less than20%
increase observed under the Sparse-Green strategy. When considering the

Fig. 3 | Urbanization’s effect on material demand
and area of green infrastructure across munici-
palities. a Total material demand (kg/m2) per
municipality between 2018 and 2050 for strategy
Dense and Sparse (Conventional building strategy).
b Green infrastructure change (m2/km2) per muni-
cipality between 2018 and 2050.

Fig. 4 | LULC composition of transformed areas
between 2018 and 2050. The values for 2018 pre-
sent the original LULC composition of the trans-
formed areas, and the values for 2050 present the
new LULC composition of the transformed areas.
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entire building stock, the Dense-Green strategy yields a 2.1% increase in
stormwater retention, slightly surpassing the 1.9% increase achieved by the
Sparse-Green strategy. The slightly lower improvement rates associated
with the Sparse strategy can be attributed to the transformation of a con-
siderable portion of agricultural land. This land inherently possesses effec-
tive stormwater retention capabilities, which diminishes the relative impact
of the strategy. Moreover, the Dense strategy is characterized by a higher
proportion of apartment constructions compared to the Sparse strategy.
These building types use space more efficiently than row- or detached
houses, allowing for the creation of substantial areas for green infrastructure
development.

In summary, trade-offs exist in spatial planning decisions for the stu-
died ecosystem services, and these trade-offs can vary depending on the
scopeof analysis.Overall, strategyDense-Green is potentially thebest choice
as it strategically integrates green infrastructure in high-demand areas,
ultimately benefiting a larger population.

Local assessment of ecosystem services
Figure 5 showshow the change in LULC, green infrastructure availability, air
temperature, and stormwater retention capacity between 2018 to 2050work
out at the local level, showing an example in the area of Leiden. The figure
highlights differences between the strategies Dense-Green and Sparse-
Green. In strategy Dense, the primary focus is on the conversion of built-up
urban areas within the city of Leiden. In contrast, strategy Sparse primarily
targets the transformation of agricultural land on the outskirts of Leiden.

Both strategies demonstrate substantial increases in green infra-
structure availability (Fig. 5b), with a more pronounced increase in strategy
Sparse, due to the conversion ofmainly agricultural land into partially green
infrastructure. Within the Dense strategy, some construction activities are

undertaken in areas that alreadyhave a considerable shareof green, resulting
in a smaller increase in green infrastructure availability compared to Sparse.
In strategy Sparse, a small part in the south-west of Leidenshows a reduction
in green infrastructure availability due to the transformation of green space
into a partially built-up area.

In strategy Dense, the change in air temperature shows a similar pat-
tern to that of green infrastructure availability (Fig. 5c), with the most
pronounced reduction in the urbanized areas of Leiden. The largest
reduction in air temperature within Leiden is observed under the Dense
strategy, achieving a maximum decrease of 0.21°C. Conversely, the Sparse
strategy leads to a temperature increase across a broad area, despite inte-
grating green infrastructure into construction projects. This increase is
primarily due to the conversion of cooler agricultural lands and green spaces
into partial gray infrastructure. However, within the Sparse strategy, certain
urbanized areas, especially those with transformed industrial zones in Lei-
den, do exhibit a cooling effects. These localized temperature contrast with
the aggregated data for the entire Netherlands, highlighting the importance
of multi-scale analysis in understanding the impacts of urban development
strategies.

Furthermore, our study reveals significant variability in stormwater
retention capacity across the area. To improve interpretation of the
results, we aggregated the data to a resolution of 100 × 100 meters (Fig.
5d). The aggregated findings align with the overall trends observed
nationwide. Under the Dense strategy, there is a clear increase in
stormwater retention capacity, reaching a maximum increase of 58%
compared to 2018. In strategy Sparse, the transformation of largely
agricultural land and green infrastructure into partially gray infra-
structure results in a reduction in stormwater retention capacity, with a
maximum decrease of 15.9%.

Fig. 5 | Local scale impacts of urbanization on ecosystem services. a LULC com-
position in 2050 (see SupplementaryMethods 2 for details on LULC classes), b change
in green infrastructure availability (m2) within 1 km2, c change in air temperature (oC)

and d change in stormwater retention capacity (%) for strategies Dense+ Green and
Sparse+ Green, for the area of Leiden. Blue indicates an increase, yellow indicates no
change, and orange indicates a decline in ecosystem service supply compared to 2018.
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Discussion
Exploring strategies for sustainable urban development is essential to
develop an urban environment that is as sustainable as possible. This study
examined the impact of urbanization, emphasizing the global environ-
mental effects of the use of building materials, and the impact on land-use
change and ecosystem services locally, to understandhow to optimize urban
development for sustainability.

Our findings suggest that dense urban development is preferred from a
building material perspective due to the construction of smaller dwelling
units andhigher potential for reuse and recycling.Denseurbandevelopment
is also likely to be more energy-efficient, as high population densities typi-
cally correlate with lower per capita energy consumption27. When coupled
with green infrastructure development, dense urban development can also
lead to an increase in ecosystem service supply in areas where demand is
high. While these arguments favor dense urban developments, green
infrastructure development indensely populated areas couldpose challenges
due to high demand for services associated with gray infrastructure, such as
housing, commercial purposes and transportation, resulting in competition
for land-use.Additionally, underground infrastructure, like pipes and cables,
can complicate green infrastructure implementation, particularly for trees45.
Thereforewe recognize that, in addition togreen infrastructuredevelopment
at ground-level, alternative ways to implement green infrastructure in urban
areas, such as green roofs and facades, need to be investigated as well.

Sparse building construction has faced criticism for promoting urban
sprawl, thereby diminishing natural habitats and biodiversity, and increase
greenhouse-gas emissionsandcosts related to transportation,waterandenergy
infrastructure46,47. Our analysis indicated that sparse building construction
primarily results in a trade-off between agricultural land and built-up areas,
while protected nature was excluded from the analysis. It must be emphasized
that these conclusions are valid for the Netherlands, where natural areas are
scarce, small and well protected, and non-cultured land is absent. In such a
situation, sparse urban development could positively impact ecosystem service
provisioning and biodiversity, when coupled with the development of green
infrastructure.However, to sustain foodproduction (another crucial ecosystem
service), sparse urban development could inadvertently lead to the transfor-
mation of other areas, whichmay be rich in biodiversity, into agricultural land.
These arguments again promote dense urban development. Clearly, there are
trade-offs between dense and sparse urban developments in terms of building
materials, energy use, land-use, ecosystem services, and biodiversity. Con-
sidering these trade-offs is crucial for sustainable urban development.

We assessed green infrastructure availability as the total green infra-
structure within a 1 km² area around dwellings. Thismethod differs from the
conventional per capita analysis of green space availability and serves as a
broad indicator of ecosystem service provision, while the per capita indicator
typically focuses on recreational services21. Our findings revealed a significant
increase in total green infrastructure availability for strategies Green, sug-
gesting enhanced ecosystem service supply. Through translating ourfindings
into per capita terms, we can draw comparisons with existing literature for
recreational service provisioning. By 2050, a decrease in green infrastructure
availability from 34m² per capita to 20m² per capita was observed for the
Green strategies, stemming from increasedpopulationdensities. These values
are within the wide spectrum of green space availability in European cities,
ranging from 2.5 to 200m² per capita48,49. In a recent study, Liu et al. 21

reported that in theParis region, only48%of the10m²per capitapolicy target
within a 500-meter radius is achieved, highlighting disparities with insuffi-
cient green infrastructure indensely populated regions contrastedwith excess
in less populated ones21. Our results largely align with this pattern, demon-
strating low green infrastructure availability in urban areas (frequently below
1m² per capita within a 1 km2 area around dwellings), in contrast to areas
outsideurbancenters,where the availabilityoften exceeds10m²per capita. In
some rural areas however, our results show low per capita values because of
the large share of agricultural land that is not considered tobe accessible green
space. The large variability in GI availability, and thus the availability of
ecosystem services, underscores the need for a standardized metric for green
infrastructure availability to support urban sustainability.

Our strategies showed a potential increase in the stormwater retaining
capacity up to 2% compared to 2018. Locally, the increase in stormwater
retention canbe far larger than2%, resulting in a strongly reducedportionof
stormwater that runs off the surface, along with associated nutrients and
pollutants. The average of 2% is significant, given that over 600 km² of land
surface area is being transformed, offering a substantial potential to reduce
stormwater treatment and drainage needs. For comparison, a study on
green infrastructure strategies for Amsterdam demonstrated a potential
annual reduction of 1.4 million cubic meters of stormwater treatment
volume, decreasing treatment costs by 1.1 million euros per year25. In our
strategies the total area of created green infrastructure could be up to 200
times higher than in aforementioned study.

Air temperature changes were small in our results, with an average
decrease of 0.02 °C across the total building stock and a local maximum
reduction of 0.42 °C. These results are consistent with similar studies on
greening strategies25,50. The small temperature impact can be attributed to
the relatively small land use and land cover changes in relation to the overall
land area of the Netherlands, combined with a considerable air mixing
distance of 500 meters. In absolute terms, densely built areas showed tem-
peratures up to 2 °C higher than rural areas. Recent studies show that urban
heat is strongly affected by building density20,51, indicating a preference for
low-density urban development for better temperature regulation. None-
theless, denseurban regions,whichhave a greaterdemand for cooling, could
derivemorebenefit fromgreen infrastructure implementation.Ourfindings
reveal that integrating green infrastructure with new building construction
is not enough to achieve substantial cooling, suggesting that additional
greening measures are required, either through the integration of green
infrastructure in buildings, or through reducing building densities.

Across the assessed building strategies, the biobased strategy showed
the lowest greenhouse gas (GHG) emissions. However, biobased con-
structions significantly impact embodied land use due to the requirements
for wood cultivation. The Netherlands’ heavy reliance on wood imports
raises concerns about the sustainability of biobased construction. Local
upscaling of wood production is challenging as well, due to limited available
land and competition with housing, agriculture, and nature conservation52.
Mishra et al. 53 suggest that a worldwide increase in wooden buildings, up to
90% of new constructions from 2020 to 2100, is feasible if agricultural land
productivity is doubled53. This intensification would allow more land for
plantation forestry. However, achieving this requires strong global gov-
ernance and careful planning. From an overall environmental impact per-
spective, opting for the circular building strategy results in the least trade-
offs. This preference becomes more evident when extending the analysis
beyond 2050, a period during which buildings constructed between 2018
and 2050will be deconstructed. Circular designs facilitatematerial recycling
and component reuse, making them an attractive option for the long-term
sustainability of the built environment.

In the past, urbanization patterns have shown a great diversity across
regions and cities54. With ongoing urbanization, we face an opportunity to
steer urban development towards sustainability.We demonstrated how this
process can be supported by quantifying the impact of urbanization stra-
tegiesonvarious sustainability indicators. These indicators relate to decision
making and planning at different levels. At the local scale, maps showing
relative changes in ecosystem service supply can be used by urban planners
to develop or evaluate their plans, identify trade-offs in ecosystem service
provisioning, and prioritize sustainability aspects. On a larger scale, the
aggregated impact results, as presented in Table 3, facilitate comparison of
decision making options on different sustainability aspects. Greening stra-
tegies and strategies for building construction are typically handled by dif-
ferent authorities55,56. Our study emphasizes the need for an integrated
planning approach that combines these efforts. Planning strategies at the
local level also need to alignwith higher-level policies, for instance related to
areas restricted from urbanization57. Climate related policies, including the
environmental performance of buildings, are typically addressed at the
(inter)national level58. At the national level, the insights from our study
provide guidance for policymakers to formulate strategies to enhance the
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sustainability of building practices, for instance related to building locations,
material use and recycling practices.

This study investigated sustainable urbanization strategies within the
context of the Netherlands, yet our findings hold a broader relevance. Our
findings underscore the importance of an integrated approach to urban
development that emphasizes sustainability in both green and gray infra-
structure. This approach aligns with sustainability goals set by international
entities like the European Union and the United Nations, underscoring its
relevance across different countries and policy levels1,38,39. The feasibility of
implementing our method in other areas, especially in rapidly urbanizing
regions like theGlobal South, is contingent upon data availability. Although
urban ecosystem services in these regions have been quantified using open-
source data such as remote sensing data and models such as InVEST59,60,
data on construction materials in these regions remain scarce61,62. Further-
more, the high-resolution spatial data required for modeling building
construction and demolition activities used in this study is probably not
universally accessible. A potential solution to this is remote sensing based
land-cover data, which is increasingly available in high resolution (e.g.
Sentinel-2 and Landsat). This kind of data can be implemented into open-
source LULC change models, such as the wallpapering method used in this
study63, to model the dynamics of urban infrastructure over time. Although
these data sources do not offer the same level of detail as those used in this
study, they provide a potential foundation for analyzing sustainable urba-
nization strategies across diverse global contexts.

Directions for future research
Weincludedawide spectrumof sustainability indicators.This scope can still
be broadened to encompass additional indicators, related to building
materials (e.g. eutrophication, particulate matter formation, etc.) and
additional ecosystem services. For instance, soil-related services, carbon
storage, noise reduction, air pollution removal, and positive health impacts
present other important urban ecosystem services for which quantification
approaches have been conceptualized or developed7,64–66. This would add to
amore comprehensive overviewof sustainability implications, but also adds
to decision-making complexity. To support decision-making and address
trade-offs inherent in considering a wide array of sustainability factors,
multi-criteria analysis (MCA) can still be applied. MCA involves normal-
izing and assigning weight to various sustainability factors. These weights
can be based on the perceived importance of each factor as determined by
stakeholders13.

The interplay between building dimensioning and green infrastructure
planning could be further investigated. For instance, building dimensioning
has an effect on both land use composition and building materials. Several
studies show higherGHG emissions associatedwith large and tall buildings
compared to low-rise structures28,67,68. Buildingdimensioning also affects the
local temperature, with taller buildings generally increasing urban heat51.
Low-rise buildings leave less space for integration of green infrastructure in
the building’s surroundings. Green infrastructure could also be integrated
into the building through green roofs and facades. The interplay between
building dimensioning, public and private greenery, and its relation to
material consumption presents an interesting direction for future research.

To conclude, our study offers an in-depth analysis of the environ-
mental impacts of urbandevelopment, emphasizing the integration of green
and gray infrastructure and how they affect building construction related
impacts and ecosystem services. Despite the projected growth of the Dutch
building stock, our study illustrates the possibility of simultaneously
expanding green infrastructure by up to 5%, andmaintaining or improving
the supply of ecosystem services compared to 2018 levels. Our findings also
highlight the potential to reduce environmental impacts through the use of
circular design practices. The analysis reveals trade-offs between dense and
sparse urban development in terms of environmental impact and the pro-
vision of ecosystem services, underlining their importance in determining
sustainable urban development strategies. We also recognize the different
scales of impacts of ecosystem services and construction materials, under-
scoring the importance for a multi-scale analysis. Though focused on the

Netherlands, our approach has broader applicability, offering a strategy to
simultaneously reduce the environmental impact of urban development
while improving ecosystem services provisioning.

Methods
Our study included several stages, each aimed at the optimization potential
of sustainable urban development. Using a spatially explicit model, we
combined scenarios for building construction and demolitionwithmaterial
intensities to derive material stock and flow dynamics. The model also
combines the building construction and demolition data with land use and
land cover (LULC) scenarios to assess changes in LULC, which formed the
basis for ecosystem service analysis. With the insights gained from the
model, we explored strategies to refine building construction practices,
aiming to optimize material use and improve ecosystem services simulta-
neously. The method is explained in more detail below, and model details
are available in Supplementary Methods 1.

Building material impact
We combined spatial modeling with material flow analysis to assess the
material stockdynamics in theDutch building sector.Materialflow analysis
is a widely used method to quantify material stocks and flows, their
dynamics over time, and their circularity69–71. We calculated material stock
and flow dynamics through translating the building maps, provided in
number of dwellings constructed or demolished and footprint (m2) for non-
residential buildings, tousefulfloor area (m2), specific per building typology,
andmultiplying these valueswith their respectivematerial intensity (kg/m2).
We assessed GHG emissions related to material production on the basis of
the life cycle inventory database EcoInvent version 3.672 and supplemented
the datasetwhereneededwith values fromscientific literature26. The starting
point of our analysis was spatial data of the Dutch building stock in 201873

and spatially explicit strategies for building construction and demolition
from 2018 to 205041. The strategies were constructed based on regional
population growth projections and preferred locations for building con-
struction, with a focus on two distinct strategies: Dense and Sparse. In the
Dense strategy, building construction prioritizes urban areas, while the
Rural strategy emphasizes construction in areas with low population den-
sities like agricultural and industrial sites. These strategies were presented at
a 100 by 100-meter resolution, quantified in terms of dwelling units con-
structed or demolished and square meters of non-residential building
footprint.

Three building material strategies were assessed (Table 2): Conven-
tional,whichuses traditionalmaterials such as a concrete and steel structure;
Circular, employing circular design principles, such as a detachable steel
frame and mechanically detachable bricks; and Biobased, using timber
frame constructions, wooden facades, cross-laminated timber floors and
biobased insulation and roofing. We refer to Supplementary Methods 1 for
thematerial intensities. For each strategy,we calculated theprimarymaterial
demand and embodied greenhouse-gas emissions related to the construc-
tion materials and the embodied land use related to production of wood,
using the model developed by van Oorschot et al. 26. Because land occu-
pation (m2 year) was significantly higher for wood than for other materials
(vanOorschot et al., 26), we calculated the total area of land (m2) required for
wood production. With the model we assessed primary and secondary
material use throughmaterialflowanalysis and life cycle impact assessment.

LULC change
Secondly, we analyzed how building construction impacts changes in
LULC.We compiled a LULCmap by combining a detailed land usemap of
the Netherlands, the Registration Large-Scale Topography74, with coverage
maps (land cover) of trees, shrubs and grasses75–77. We did not consider
agricultural land as green infrastructure due to its heterogeneous compo-
sition and, aside from food provision, limited capacity for providing eco-
system services. The resulting map presents detailed information on land
use and green infrastructure coverage on a 10 by 10m resolution.Wemade
a distinction between 22 LULC classes (Supplementary Methods 2).
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To analyze LULC changes between 2018 and 2050, we translated
construction strategies into building footprints and linked themwith LULC
strategies using the “wallpaperingmodel” (WP) developed by Lonsdorf and
colleagues63. For the LULC strategies (see details below), we identified sui-
table compositions on the original LULC map, clipped the designated area
to a rectangular “tile”, replicated the tile in a grid to create a “wallpaper” and
switched the LULC within every cell that shows construction activities
between 2018 and 2050. We classified building footprints into three groups
basedon their sharewithin each100 × 100mgridcell: less than10%, 10-40%
and greater than 40%. This classification limited the number of tiles to three
per LULC strategy.

Our analysis involved two LULC strategies: Green and Gray (Sup-
plementary Methods 2). The Gray strategy is characterized by less than 5%
low vegetation (grass and shrubs) per cell (100 × 100 meters) and Green, is
characterized bymore than 30% continuous green space consisting of grass,
shrubs, and trees, of which at least 10% trees. The Green strategy is based
upon the rule of thumb for having at least 30% urban forest in cities and the
recommendation of the Nature Restoration Law to have at least 10% tree
cover in urban environments78,79. We assumed that LULC transformation
corresponds to the 100 × 100m gridcell size used for building construction
and demolition data. Given that building construction inherently involves
alterations to the immediate surroundings, our findings provide reasonably
accurate estimations. The modeling details are described in greater detail in
the Supplementary Methods 2.

Ecosystem services
The LULC maps served as the basis for analyzing LULC changes in the
Netherlands and the capacity of green infrastructure to deliver ecosystem
services. Modeling details can be found in SupplementaryMethods 3.We
quantified the overall extent of green infrastructure across the Nether-
lands projected for 2050, along with its availability for residents. Fur-
thermore, we evaluated the effectiveness of green infrastructure in
mitigating urban heat and retaining stormwater. For the latter two, we
employed the Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST) model. InVEST is an open-source software developed by the
Natural Capital Project and Stanford University for mapping and valuing
ecosystem services80. InVEST combines LULC data with additional
information to provide output values for ecosystem services in biophysical
and/or economic units.

Green infrastructure plays a vital role in enhancing both physical and
mental well-being65,66. The availability of green infrastructure refers to the
measurement of green spaces within a specific distance, often within resi-
dential neighborhoods, primarily aimed at assessing the extent of accessible
green areas21. Here, we calculated the total green infrastructure availability
within 1 km2 area surrounding dwellings as a broad indicator of ecosystem
service provision.

Many cities experiencing heat waves are focusing on urban heat
mitigation. Vegetation plays a crucial role in reducing the urban heat
island (UHI) effect by offering shade, altering the city’s thermal properties,
and providing cooling through evapotranspiration81. This has positive
effects on citizens’ health, lowering mortality and morbidity rates,
enhancing comfort and productivity, and reducing the need for air
conditioning82. Here, we employed the InVEST model to calculate urban
cooling. The urban cooling model calculates, among other indicators,
changes in air temperature based on various factors, including shade,
evapotranspiration, albedo, and proximity to cooling islands like parks.
The changes in air temperature present an indication for the cooling
provided by vegetation.

Climate change leads tomore intense droughts and rain events83. Large
impervious covers in urban areas increase the risks of flooding in these areas
due to loss of infiltration capacity, and decrease interception and evapora-
tion by green infrastructure64. The InVEST stormwater runoff retention
model provides information on runoff retention. Runoff retention involves
holding stormwater by permeable land to avoid polluting rivers and oceans.
Themodel estimates surface runoff, the portion of stormwater not retained.

The Stormwater Retention model focuses on services over an annual
timeframe rather than individual storm events and flooding. We employed
this model to calculate changes in stormwater retention capacity for the
various urbanization strategies.

We assessed changes in ecosystem service capacity between 2018 and
2050 on two scale levels: firstly, for areas that are being transformed for
building construction, and secondly, for the entire building stock and its
surroundings (100 by 100m grid cells). In addition to the national-scale
analysis, we assessed ecosystem locally, which is crucial because the provi-
sion of the analyzed ecosystem services exhibits limited spatial reach.
Locally, the impacts of LULC changes exhibit greater variability9. We take a
36 km2 area in and aroundLeiden as a case-study area, encompassing both a
densely built urban area and some of its surrounding area which is char-
acterized largely by agricultural land.

Data availability
The data that supports the findings of this study are available in the sup-
plementary information of this article, with exception of the spatial building
and construction scenario data, which is only available from the authors
upon request and with permission of the data owners (The Dutch Envir-
onmental Assessment Agency).

Code availability
The code used in this research is accessible and can be found on the provided
GitHub repository: https://github.com/JannekevanOorschot/Optimization_
sustainable_urbanization.
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